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 When I think about innovation in mining today, a recent passage in the  MIT 
Technology Review  comes to mind: “Innovative companies evolve; those that 
do not, wither.” 

 The mining industry should pay heed. Take the gold mining sector. The 
12-year run-up in the gold price led many companies to pursue production at 
all costs; the good times, after all, seemed like they would never end. But end 
they did, and gold miners, if you will pardon the pun, have been digging 
themselves out ever since. Many base metal producers face similar head-
winds. In response, companies, quite rightly, are becoming far more disci-
plined about capital allocation. Questionable projects are being delayed or 
shelved and operational excellence and effi ciency is paramount. 

 But one often overlooked consequence of the unrelenting focus on growth 
is that technology has not kept pace with operational needs. Innovation, sim-
ply put, has been allowed to wither. With this backdrop in mind, I could not 
have been more thrilled when Lucky Lakshmanan informed me recently 
about the publication of this book, and honoured that he asked me to write the 
foreword. It could not have come at a better time. The scientists, metallurgists 
and mining engineers that produced the works that follow are among the fi n-
est minds working in mining today. They see the industry’s current predica-
ment as an opportunity—an opportunity to address mining’s challenges 
through innovation. 

 Those challenges are formidable: high operating costs, low grade, com-
plex ore bodies in environmentally sensitive locations are just some of the 
obstacles that mining faces. Barrick Gold, the company that I work for, is by 
no means immune from these challenges, but its collaborative approach to 
innovation is generating practical solutions to the complex problems that the 
company and many of its peers face today. 

 One great example of this is the TCM (total carbonaceous matter), project 
at Barrick’s Goldstrike mine in Nevada. This large project involved the con-
struction of a new leaching circuit that uses calcium thiosulfate instead of 
cyanide to recover gold from a complex, double-refractory ore. The new cir-
cuit began operating in late 2014 and is the fi rst commercial use of thiosulfate 
for gold processing in the world. It preserved jobs and key infrastructure at 
Goldstrike, and accelerated the processing of millions of ounces of gold. 

 But most importantly, the TCM project underscores the kind of techno-
logical advancements that are possible in mining when companies take a col-
laborative approach to innovation. When mining experts work hand in hand 
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with frontline operators to tackle complex operational problems, the odds of 
success are greatly enhanced and the step changes needed to sustain our 
industry become attainable. This may seem like the most natural and obvious 
thing in the world, but I cannot tell you how many times in my career that 
I have seen a silo mentality, or lack of trust, or simple bureaucratic ineffi -
ciency stifl e innovation. 

 While I am proud of Barrick’s partnership approach to innovation, there 
are numerous ways to develop collaborative processes to facilitate innova-
tion. This book will serve as a roadmap. It is not just important reading for 
mining companies, along with their suppliers and partners, it is must reading. 
The mining industry cannot afford to wither any longer.  

    Toronto,  ON , Canada    Jim     Gowans                 

Foreword
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 This book can truly be considered as a labour of love. It is a result of an undy-
ing passion for the betterment of society through research and development 
in the fi eld of Metallurgy for several decades. We live in a fast changing 
world with innovative products hitting the market everyday. Behind the glam-
our and glitz lies the dedication of a number of researchers who toil day and 
night to develop new products and processes that make it all possible. Over 
the years, the editors have felt the need for a book that formalizes the steps to 
be taken to develop an innovative product or process starting from the very 
fi rst innovative idea. We feel that unlike invention, innovation is a journey 
and not an incident. It is a continuous process, not a discrete event. When we 
were contacted by Springer to write a book, we suggested this topic to them. 
After receiving the go ahead from the publisher, we conceptualized the 
framework of the book and contacted innovators from the fi eld of Metallurgy, 
not alone from university, but also from industry with hands-on experience 
and proven track record in taking innovation to commercialization to contrib-
ute to this book. The contributed articles were then sent to independent 
reviewers for peer review process. This book is targeted not only to research-
ers in the fi eld of metallurgy, but also to senior managers, CEOs and govern-
ment offi cials, who can help in creating an atmosphere to bring innovation to 
commercialization, thereby generating employment and creating wealth in a 
competitive environment in a sustainable fashion. 

 We would like to express our sincere gratitude to all the contributors to this 
book, which include Dr. Barun Gorain, Dr. Nathan Stubina, Professor 
Alexander McLean, Dr. T. Emi, Dr. Md Abdul Halim, Dr. Shiv Vijayan, 
Dr. Corale Brierley, Dr. Peter Kondos, Mr. Alan Taylor, Dr. Ananth Seshan, 
Mr. Mark Vancas, Dr. Krishna Parameswaran, Dr. Dave King, Mr. Michael 
Dehn, Dr. Donald R Fosnacht, Dr. Iwao Iwasaki, Dr. Richard F. Kiesel, 
Dr. David J. Englund, Dr. Rodney L. Bleifuss, Dr. M. E. Mlinar, Dr. David 
W. Hendrickson and Mr. Tim Robinson. We are indebted to all the reviewers 
including Dr. Michael King, Dr. Jacques McMullen, Dr. Phil Mackey, Prof. 
Ravi Ravindran, Mr. Tim Robinson, Dr. David Dew, Prof. Mansoor Barati, 
Prof. Mike Moats, Mr. Warren Galloway, Mr. Peter Mathews, Dr. Jim 
Lommen, Dr. Bruce Conard, Mr. Peter Dahlberg, Mr. Lance Engelbrecht, Ms. 
Luisa Marino, Prof. Vladimiros G. Papangelakis, Mr. Harold R. Kokal, 
Dr. Jim Brierley and Dr. Funsho Ojebuoboh for their review and comments 
and meeting the tight schedule despite their other commitments. We deeply 
appreciate the writing of the Foreword to this book by Jim Gowans, 
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Co-President, Barrick Gold Corporation. Thanks are due to Ms. Lorraine 
Sequeira for administrative support. Special gratitude is expressed to Ms. Ania 
Levinson and Ms. Brinda Megasyamalan from our publisher Springer for 
their constant support and encouragement.  

  Mississauga, ON, Canada     Vaikuntam   Iyer     Lakshmanan   
Mississauga, ON, Canada            Raja Roy     
 Scottsdale, AZ, USA     V. Ramachandran                     
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      The Need for Process Innovation       

     V.  I.     Lakshmanan     ,     Raja     Roy    , 
and     Ram     Ramachandran   

          The    Mining    and   Metallurgical Industry is highly 
capital intensive and creates environmental chal-
lenges. In order to be sustainable, it needs to be 
innovative  in   developing processes that are effi -
cient and minimize environmental damage. To 
meet these goals, we need to be innovative and 
understand in detail the process steps that will 
have to be brought together for  process develop-
ment  . This will require knowledge of chemistry, 
 chemical engineering  , metallurgy, and environ-
mental science. 

  Innovation  is  defi ned   as the introduction of 
something “new,” viz., a new idea, method, or 
device. In the area of science,  innovation  means 
technologies or practices that are new to a given 
society. Unless the technology or practice is dis-
seminated and used in society, it is not consid-
ered as an innovation. 

 Science,  technology  , and innovation are the 
keys for continued progress in the industrial 
world.  Technical   innovation is the key to eco-
nomic and social development and environmen-
tal progress. In-depth scientifi c and technical 

research plays a vital role in the development of 
new processes through innovation. 

 Why Innovate? The world does not remain 
stagnant; As Heraclitus (535 BCE) said, “One 
cannot step twice in the same stream” (Perisco 
 2011 ). Innovative thinking begins with great 
questions, not answers. Demographics, cultural 
changes, and new technologies outpace a  com-
pany’s business model and force   it to innovate to 
stay in business. The needs to innovate are: (a) 
Economic Challenge, (b) Global Competition, 
and (c) Customers’ Choice for Products and 
Services. Innovation involves: (a) Profi table 
Implementation of Strategic Creativity, (b) 
Willingness to challenge status quo, (c) Pay off 
for risk-taking, and (d) Additional value to com-
pany and benefi t to society as a whole. Any inno-
vative idea should be: (a) new, (b) evolutionary 
or revolutionary, (c) useful, and (d) imple-
mentable (Dundon  2002 ). 

  Technological innovation      can be defi ned as 
“the process by which any industry generates 
new and improved products and production pro-
cesses”. Generally, the activities include genera-
tion of an idea, research, development, and 
commercialization of the product or process for 
the benefi t of society. The driving force for inno-
vation is invariably a technology push or market 
conditions. Technology push arises from the need 
to be competitive by reducing costs, improving 
quality, and increasing market share (Walcoff 
et al.  1983 ). 
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 As ore grades become lower,    processing costs 
increase and environmental regulations tighten, 
there is more and more pressing need for innova-
tive process development. Innovation involves 
not merely a collection of data,    but its interpreta-
tion to generate knowledge in order to gain mar-
ket advantage. As  industrial processes   become 
more complex, it is imperative to think ahead and 
look at the whole process in an integrated man-
ner. For example, we need to understand the 
behavior of not only the value metals, but also the 
impurity elements through subsequent process 
steps. Failure to do so may result in a product that 
is not of intended market grade due to the pres-
ence of impurity elements, or it may result in tail-
ings or discharges that don’t meet the 
environmental guidelines for safe disposal. 

 Many times a process innovation  results in 
process compression  , which is elimination of a 
process step to make the process more economi-
cal. Some examples of process compression are 
the development of the  Carbon-in-Pulp (CIP) 
process   for gold processing and the  Resin-in- 
Pulp (RIP) process   for uranium ore processing. 
In CIP process, cyanide leach solution slurry 
containing gold is mixed with activated carbon in 
an agitation tank or in a countercurrent manner 
through a series of tanks. The gold cyanide com-
plex is adsorbed on the activated carbon, which is 
separated from leach slurry by screening. RIP 
process is similar to CIP process except that acti-
vated carbon is replaced by solid spherical poly-
styrene resin beads and has been practiced in 
uranium industry. Both of these processes are 
now well accepted in industry as these processes 
minimize costly solid/liquid separation steps. 
      The development of in situ and heap leaching 
minimizes or eliminates the need for crushing, 
grinding, and solid/liquid separation. In addition, 
   in situ leaching eliminates tailings management 
while heap leaching minimizes issues related to 
tailings management. However, the plant design 
must make sure that leach solution doesn’t reach 
the water table and also plan for reclamation of 
land after end of operation. 

 In its  annual report   on mining “Tracking the 
trends  2014 ” Deloitte calls for a radical rethink in 

mining sector with emphasis on innovation in the 
following words: (  www.deloitte.com    ).

  To turn the current tide of  poor productivity and 
hostile sentiment  , companies may need to embrace 
innovation more aggressively. For starters, they 
must alter their approach to  cost   cutting by adopt-
ing more sustainable cost management practices. 
They must embrace new forms of technology to 
gain greater insight into their underlying perfor-
mance metrics—not only from an operational per-
spective but also pertaining to their health, safety 
and talent management programs. Engaging in 
more strategic scenario planning, similarly, will 
help mitigate the risks of commodity price volatil-
ity, regulatory uncertainty and water/energy avail-
ability. Finally, they must take more innovative 
approaches in their dealings with communities, 
governments, shareholders, regulators and staff—
including explaining their strategies to investors 
and analysts in more direct and compelling ways. 
While mining companies cannot change global 
economic trends, they can change the way they 
operate. As the  mining industry   works to attract 
more  visionary leaders  , the creativity and for-
ward—thinking that characterize innovation and 
progress will cease to be industry anomalies and 
become the norm. 

   Hence the need for process innovation in meeting 
the challenges being faced by  metallurgical indus-
tries   is of the utmost importance. This book brings 
together highly experienced engineers and scientists 
from the metallurgical industry who take a compre-
hensive look at innovative process development and 
propose a way forward for the industry. 

 Technology/process  innovation   consists of many 
steps—from thinking of a new concept to selling it. 
Major steps involved are shown in Fig.  1.1 .

   These three  phases   also identify techniques 
used in managing innovation in any given organi-
zation. Inside any given organization, four factors 
infl uence how an innovative idea is brought to 
commercialization, viz., culture for innovation, 
technical expertise, availability of fi nance, and 
marketing capabilities. External factors—normally 
from governmental agencies—that may infl uence 
innovation are: (a) regulations (anticipated and/or 
real), (b) tax structure, (c) subsidies, and (d) inade-
quate patent protection (Walcoff et al.  1983 ). 

 A simplifi ed model of the general innovation 
process as defi ned by Lager consists of (a)  idea 
generation  , (b)  problem-solving  , and (c)  imple-
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mentation   (Lager  2011 ).  Process innovation   in the 
 metallurgical industry   is necessary to: (a) gain 
competitive advantage, (b) improve existing pro-
cesses to reduce cost, and (c) improve environmen-
tal conditions in operations and benefi t society. 

 To stay competitive in any given process indus-
try, process innovation—in contrast to product 
innovation—is always an ongoing process, viz., 
reduce operating cost, improve environmental 
atmosphere and work place, and eliminate pro-
cess steps resulting in process compression. This 
needs an ongoing investment in Research and 
Development as a corporate policy. The  Research 
and Development effort   also acts as a resource for 
production-related problem-solving. 

 Process innovation can happen in following 
ways:

    1.    Identifying internal process needs or process 
development needs.   

   2.    Conceiving a totally “new” process idea for 
the production of a “new” product or a total 
replacement of an existing process.   

   3.    Improve an existing process to: (a) reduce 
operating cost and (b) make a product with 
better quality and properties.   

   4.     Improve   workplace and environmental condi-
tions in the plant.     

   I    dentifying internal process needs or process 
development needs : 

 The  identifi cation   of internal process needs is 
the “ideas” generation phase. A conceptual model 
of the process development work process is 
shown in Fig.  1.2 .

    The   phase two  area   represents all activities 
shown in Fig.  1.3 .

   In this case, there are three options to get new 
process technology:

    1.    Develop new technology within the internal 
organization.   

   2.    Acquire new technology from external orga-
nization—already existing and can be licensed 
or purchased.   

   3.    Combination of options one and two.     

 Option two essentially eliminates the  devel-
opment   phase of the process. Option one is 
described below and shown in some detail in 
Fig.  1.4 .

   The work process is divided into four phases 
(Lager  2011 , p. 186). They are:

    1.    Exploratory work   
   2.    Development   
   3.    Technology transfer   

• Establishing climate of
innovation

• Constructing innovation
investment portfolio

• Developing organizational
structure to support
innovation

• Defining product and
process goals

• Information search, basic
research and preliminary
planning

• Designing, engineering and
testing the prototype

• Developing preliminary
market plans

• Modifying plant
requirements and tooling

• Developing formal market
plans

• Establishing market
introduction

• Responding to market
needs

Phase I
Goal Setting
Project  Identification
Project Selection

Phase II
Research
Development
Production

Phase III

Diffusion

  Fig. 1.1    Three  phases of   innovation process (from: 
Walcoff, C., et al., “Techniques for Managing 
Technological Innovation,” page 2, Ann Arbor Science, 

Butterworth Group, 1983. [Reproduced with permission 
from Elsevier Publishers]       
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Pilot plant testing

Demonstration plant testing

Test in a new/existing plant 

Simulation

  Fig. 1.3    Different kinds  of   test environments in the pro-
cess industries. [From: Lager, T., “Managing Process 
Innovation”—from Idea Generation to Implementation, 
Series on Technology Management, Vol. 17, page 162, 
Imperial College Press, 2011.] [Also: Lager, T., (2000) A 

new conceptual model for the  development   of process 
technology in process industry, International Journal of 
Innovation Management, 4, 319–346.] [Reproduced with 
permission from Imperial College Press]       
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  Fig. 1.4    Different phases  of   the process innovation work 
process. [From: Lager, T., “Managing Process 
Innovation”—from idea generation to implementation, 

Series on Technology Management, Vol. 17, page 185, 
Imperial College Press, UK, 2011.] [Reproduced with 
permission from Imperial College Press, UK]       
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(Using the results;
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  Fig. 1.2     A   conceptual model of the process development 
work process. From: Lager, T., “Managing Process 
Innovation”—from Idea Generation to Implementation, 

Series on Technology Management, Vol. 17, page 167, 
Imperial College Press, 2011. [Reproduced with permis-
sion from Imperial College Press, UK.]       
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   4.    Production (new process technology on 
stream) [Reproduced with permission from 
Imperial College Press, UK]    
  Details of these four  phases   have been 

described in detail by (Lager  2011 ). The building 
blocks in a process innovation work process have 
been identifi ed. They can be used for both incre-
mental and radical process development. 

 In summary:

    1.    An organization should develop and institu-
tionalize a cultural mindset and a set of pro-
cesses that support repeatable,   sustainable    
 innovation . This then becomes a foundation 
for ongoing competitive advantage.   

   2.    The most successful and innovative fi rms have 
been characterized by strong in-house capabil-
ity for Research and Development, generating 
a corporate research tradition and company-
specifi c process of technology accumulation.   

   3.    It is also important for Research and 
Development in the process industries to col-
laborate with external industries like process 
contractors, equipment manufacturers, and 
raw material suppliers.   

   4.    Any new or improved technological process 
has to be sustainable, reduce operating cost, 

generate profi t and meet or exceed environ-
mental regulatory guidelines.     
 Finally, innovation is not an end-state. It is a 

combination of open-minded exploration, experi-
mentation, results, and action. The cycle then 
repeats itself (Palmer and Kaplan  2013 ).    
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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. 

      Physical Processing: Innovations 
in Mineral Processing       
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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, 

B.K. Gorain



11

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.  

2 Physical Processing: Innovations in Mineral Processing
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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 

B.K. Gorain



15

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.

DISCHARGE

The shaft rotating at high
speeds generates disc tip
speeds of 19-22 m/s.

1

3

4

2

3

4

2

1

Recirculation of media
occurs between discs due
to variation in velocity profile
across discs.

Media centrifuged to outside
of grinding chamber by high
centrifugal force generated
inside mill.

Rotor pumps liquid back into
chamber to retain media.

DISPLACEMENT BODY

ROTOR
EIGHT GRINDING
DISCS

FEED END

IsamillTM grinding mechanism

  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)       
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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

Undersize

Oversize

Derrick
Stack Sizer

Pump

Ball Mill

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

 

2 Physical Processing: Innovations in Mineral Processing



30

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 
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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, 
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  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 
a  Jameson™ fl otation 
cell   (with permission 
from Glencore 
technologies)       

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 

 

B.K. Gorain



35

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.

B.K. Gorain



39

  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 
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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 )       

 

2 Physical Processing: Innovations in Mineral Processing



52

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 )       
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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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 3

         The Merriam-Webster dictionary defi nes 
 “innovation” as:

•    A new idea, device or method  
•   The act or process of introducing new ideas, 

devices or methods    

 Many people use the words “innovation” and 
“research” interchangeably, but in reality, there is 
a world of difference. There is an interesting 
quote that has been attributed to Will Westgate of 
3 M: “Research is the transformation of money 
into knowledge, and innovation and imagination 
are the transformation of knowledge into money” 
( CIM ). Innovation is much more than a break-
through or the “lightbulb” moment–innovation is 
a process. It is the entire process of transforming 
the initial creative idea into a new product that 
has commercial value. 

 The history of  pyrometallurgy   can be traced 
back at least 6000 years to the simple copper 
smelters of present-day Israel (Themelis  1994 ) 
and likely some time later in China (Mackey 
 2014 ). Copper, silver and gold were the very fi rst 
metals to be used by mankind, since they were 
originally found in their native metallic form. 

Those original chunks of metal led us to use fi re 
( pyrometallurgy)   in order to process various min-
erals into metals and alloys. Metals and metal-
lurgy have played such a pivotal role in the 
development of our civilization that major peri-
ods in our history are marked by such names as 
the Bronze Age (3300–1200 BC) and the Iron 
Age (1200–500 BC). 

 Pyrometallurgical processing has many inher-
ent  advantages   over other ambient temperature 
processes (Themelis  1985 ):

•    High reaction rates due to elevated 
temperatures  

•   High concentration of metals in processing 
streams  

•   Easy phase separation  
•   Favourable shift of equilibrium at high 

temperatures    

 Most of the world’s copper and nickel are cur-
rently produced by smelting  sulphide concen-
trates   and then converting the matte into metal. In 
this chapter, we will examine some of the innova-
tions that have appeared over the years in the 
 pyrometallurgical processing   of these metals. We 
will be using  the   Peirce–Smith converter as a 
case study. 

 There are many articles in our trade journals 
that decry the paucity of innovation in  mining 
and metallurgy.   It is assumed that our industry 
does not embrace change very quickly. We have 
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been using some equipment, for example, the 
 fl otation cell, the ball mill or the Peirce–Smith 
converter for over a century. Is industry not gen-
erating enough novel ideas? Are we not funding 
enough R&D? Is there insuffi cient capital avail-
able? Or perhaps the problem relates to the type 
of people who are attracted to our industry? Why 
do some industries, such as cell phone manufac-
turers, produce devices that are obsolete every 
two years, whereas the non-ferrous pyrometallur-
gical industry is still using technologies that are 
over 100 years old? We will see, however, that 
hidden in the 100-year history is a remarkable 
story of innovation and regeneration, thus bring-
ing the technology into modern times; the 
100-year-old processing concept now has “high-
tech” features, making it very state-of-the-art 
indeed. 

 An interesting psychometric study was done 
in South Africa where they investigated the 

 personality traits of the 2010 fi nal year mining 
 engineering students. The  Herrmann Brain 
Dominance Instrument (HBDI)   tool was used to 
identify the thinking preferences of the students 
(Webber-Youngman and Callaghan  2011 ). The 
HBDI test depicts the degree of preference indi-
viduals have for thinking in each of the following 
four brain quadrants:

•    Rational  
•   Practical  
•   Feeling  
•   Experimental    

 The thinking behaviour of the students fell 
into the following sectors as shown in Fig.  3.1 .

   Typical words that describe the BLUEs include: 
factual, quantitative, logical and  analytical. For the 
GREENs: controlled, sequential, detailed and con-
servative. The REDs are emotional and intuitive 

  Fig. 3.1    The personality traits of the fi nal year mining engineering students (Webber-Youngman and Callaghan  2011 )       
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while the YELLOWs are described as imaginative 
and artistic. It is interesting to note that the major-
ity of the students fell into the blue (engineering) 
quadrant. Only one student fell into the yellow 
(imaginative) quadrant. Perhaps this goes a long 
way to explaining why the industry is so conserva-
tive and reluctant to try new concepts and tech-
nologies? Why are the innovators not attracted to 
mining? What is required to shift this paradigm? 
Perhaps another aspect to this is that recently, 
unlike in the past, many mining companies have 
tended to shun innovation, further alienating nou-
veau innovators in the industry. 

 Let us begin our journey into innovative ideas 
in non-ferrous  pyrometallurgy,   using the Peirce–
Smith converter as a case study. We will describe 
some of  the   breakthrough concepts that were 
steadily introduced over the years. This is not an 
exhaustive survey, but a few of the more impor-
tant discoveries will be presented. 

 A patent for the Peirce–Smith converter was 
issued in 1909 (Peirce and Smith  1909 ). Peirce–
Smith converting is currently used in the  copper, 
nickel and platinum industries   to remove iron and 

sulphur from a molten matte phase. Although the 
converter has recently celebrated its 100th birth-
day, very little has changed in its fundamental 
concept since its inception. In its simplest form, 
low pressure air is supplied by a blower. The air 
is introduced into the vessel using a number of 
tuyeres. Inside the vessel, the oxygen in the air is 
used to oxidize iron and sulphur to iron oxides 
and sulphur dioxide (Davenport et al.  2002 ). The 
 bubbling injection regime   is inherently ineffi -
cient from an energy perspective (Wraith et al. 
 1999 ). Ineffi ciencies in the design of the vessel 
include: unreacted oxygen in the air leaves the 
vessel, causing productivity losses; dilution of 
sulphur dioxide in the off-gas due to the nitrogen 
from the injected air and energy consumed by the 
main blower, punching machines, etc. The intro-
duction of air into the vessel results in the forma-
tion of accretions that block the air channel 
through the tuyeres. These required mechanical 
“punching” in order to reopen the tuyeres 
(Kapusta et al.  2012 ). A historical photograph of 
this back-breaking work is shown in Fig.  3.2  
(Southwick  2008 ; EMJ  1914 ). The punchers 

  Fig. 3.2    Manual punching of Peirce–Smith converter (Southwick  2008 ; EMJ  1914 )       
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worked in an extremely noisy and dusty work 
environment.

   One of the fi rst great innovations in the con-
verting practice occurred in the area of punching 
at Noranda’s Gaspé Smelter, bringing to the 
world a far superior mechanical puncher than 
had hitherto been in use. Management at Gaspé 
realized that converter capacity and converter 
blowing rates limited higher smelter throughput. 
At that time, the converters were hand-punched, 
a very physically demanding job and unsafe job. 
It should be noted that mechanical punchers 
were in use at the time, for example, at the 
Kennecott puncher (Larson  1950 ). It was felt, 
however, that the Kennecott design had some 
limitations. By having the punch bar remaining 
inside the tuyere pipe at all times, the airfl ow 
would be impeded and an alternative was sought 
(Diaz et al.  2011 ). The new punching system 
developed at the Gaspé Smelter consisted of an 
externally mounted, hydraulically operated 
punch bar that was pushed into the tuyere with 
great rapidity and force and then quickly 
removed. This enabled the mechanical puncher 
to clean the tuyeres more effi ciently and as the 
bar was removed, the tuyere pipe remained unre-
stricted (Fowler et al.  1968 ). One of the inven-
tors, Albert Pelletier, described how a prototype 

model of the new puncher was constructed from 
wood and metal and was initially evaluated in 
the garage of one of the smelter personnel. 
A working experimental model was soon built 
and tested in the smelter during 1962. Later that 
year, an improved version was designed, built 
and tested. It consisted of two punch bars on a 
cradle; the bars were activated by an air- operated 
pneumatic cylinder with the assembly mounted 
on a track set in the fl oor along the converter 
length. The puncher had an upwards angle of 
approximately 5°; this approximated the stroke 
angle of a hand puncher. During 1964, a more 
robust unit was built essentially along the same 
lines and put into service. A photograph of this 
device is shown in Fig.  3.3 .

   The converter equipped with this new puncher 
design immediately showed higher average blow-
ing rates. As the puncher performance improved, 
the device was installed on the two Gaspé con-
verters and the average blowing rates gradually 
increased to over 40,000 Nm 3 /h, thus approaching 
the maximum capacity of the blower. This helped 
drive the copper throughput to more than the 
smelter’s design capacity. Worldwide patents for 
the new puncher, now known as the Gaspé 
puncher, were granted and the decision was 
made to establish an exclusive commercial and 

  Fig. 3.3    Mechanical 
punching of Peirce–
Smith converter (Diaz 
et al.  2011 )       

 

N.M. Stubina



71

marketing arrangement with Heath and Sherwood 
Ltd. of Kirkland Lake, Ontario. 

 A photograph of a more modern  Gaspé 
puncher   is shown in Fig.  3.4 .

   The next innovation that we will examine is 
the  Noranda Tuyere Silencer   which was devel-
oped at Noranda’s Horne Smelter during the 
1970s by minimizing air leakage at bar entry. It 
also lessened the noise of the punch bar entering 
the tuyere assembly (Pelletier  1976 ). The silencer 
consisted of four spring-loaded segments fi tted 
into a tuyere block that was positioned just ahead 
of the ball valve. This device gripped the moving 
punch bar and virtually eliminated any air losses 
and resulting blast noise caused by the punch bar 
entering the ball valve. It was estimated that 4 % 
of the air that was previously lost during punch-
ing could be utilized in the vessel. This led to a 
direct and immediate increase in productivity. In 
addition, the silencer was found to lower the 
puncher noise level to within 2 dBA of ambient. 
The  Gaspé puncher and silencer   transformed the 
Peirce–Smith converter by removing many of the 
uncertainties associated with the tuyere line oper-
ation, by stabilizing and maximizing blowing 
rates and by creating a safer and quieter work 
environment. 

 In copper and nickel smelting, reliable and 
continuous measurement of the melt temperature 
is critical in order to achieve effective control 

over the process. An innovative approach to 
 measuring the temperature was developed at the 
Noranda Research Centre. Prior to this invention, 
a hood-mounted pyrometer was the technique 
commonly used by the industry. Stationary 
pyrometers have many limitations, such as the 
need to have direct line of sight to the bath, the 
requirement for frequent cleaning and not pro-
viding the true temperature. A number of unsuc-
cessful attempts using thermocouples were tried 
in the past. A novel approach using sighting the 
melt through a submerged tuyere was developed 
by John Lucas and Greg Wint (Lucas  1987 ). The 
new design incorporated the following:

•    The new pyrometer was to be sighted through 
a tuyere  

•   Punching could not be restricted  
•   Instrument electronics would be mounted 

away from the vessel  
•   The measurement was not to be affected by 

changes in received light due to tuyere block-
ing or tuyere pipe burn-back    

 Following initial studies, a prototype was built 
in the mid-1980s. The unit used a retractable 
pyrometer periscope that sighted the melt through 
an operating tuyere. It employed a fi bre-optic 
cable to convey the radiation emitted by the 
bath to a specially designed two-wavelength 

  Fig. 3.4    Gaspé puncher 
for Peirce–Smith 
converter (Diaz et al. 
 2011 )       

 

3 Thermal Processing: Pyrometallurgy—Non-ferrous



72

pyrometer located away from the vessel. The 
tuyere body was fi tted with a heavy guard plate in 
order to protect the periscope from accidental 
puncher damage. Initial calibration using a man-
ual “Temptip” thermocouple was very success-
ful. A fi rst and second generation Noranda Tuyere 
Pyrometer are shown in Fig.  3.5 .

   The important optical features of the pyrome-
ter are illustrated in Fig.  3.6 .

   In theory, it should be possible to attach an 
LIBS (Laser Induced Breakdown Spectroscopy) 
analyser next to the pyrometer in order to get 

instantaneous assays for key elements (e.g. As, 
Bi, Te) during the converting cycle. This would 
greatly improve the operation of the vessel. By 
knowing the temperature and composition of the 
bath on a continuous basis, the operator would be 
more assured of meeting smelter specifi cations. 
This concept was tested by Noranda in the 1990s. 

 The next major innovation to occur in the non- 
ferrous pyrometallurgical fi eld is sonic injection 
of air/oxygen. Kapusta ( 2013 ) wrote an award 
winning paper on this topic. He opined on the 
fact that the steelmaking and non-ferrous metals 

  Fig. 3.5    First and second generation Noranda Tuyere Pyrometer (Diaz et al.  2011 )       
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industries have behaved as “two solitudes” in the 
way that they used different approaches to solve 
similar processing issues. Submerged gas injec-
tion is one such example. Whereas sonic injec-
tion has  revolutionized steelmaking   (e.g. Q-BOP, 
AOD), it has found limited applications in sul-
phide bath smelting and converting. Mackey and 
Brimacombe ( 1992 ) suggested that the reason 
was more than just economic. It might be related 
to the fact that the growth in oxygen usage in 
non-ferrous pyrometallurgy has been at a much 
slower pace compared to the  steel industry.   The 
steelmaking converter requires a high oxygen 
tuyere in order to overcome the productivity lim-
its that had been reached. The non-ferrous con-
verter, however, did not reach a similar barrier. 
Enriching the blast air, a few percent of oxygen 
had generally been suffi cient for debottlenecking 
non-ferrous processes. This situation is rapidly 
changing and a new paradigm is emerging. Non- 
ferrous smelters are being squeezed by lower 
operating margins. 

 A wealth of knowledge focused on under-
standing gas injection started to emerge during 
the 1960s. Metallurgical research laboratories 
around the world investigated features of this 
process leading to many excellent technical 
papers on this topic that even today remain a 
benchmark. The steel industry used this knowl-
edge to their advantage and great strides in pro-
ductivity gains were made. The non-ferrous 
industry lagged behind. 

 Sir Henry Bessemer developed the fi rst inex-
pensive industrial process for the mass produc-
tion of steel from molten pig iron using air 
injection. Kapusta ( 2013 ) noted that although 
Bessemer included the use of oxygen in his pat-
ent, it was not possible to use oxygen at that time 
due to the severe erosion at the bottom of the ves-
sel. In fact, submerged oxygen injection was not 
used for over a century. This required the genius 
of Savard and Lee ( 1958 ) of Canadian Liquid Air 
who developed the concentric tuyere. In the orig-
inal Savard–Lee concentric tuyere, an oxygen 
stream at sonic velocity is shrouded with a hydro-
carbon gas that cracks at steelmaking tempera-
tures, and this phenomenon provides local 
cooling at the tuyere’s tip. By thus shrouding the 

oxygen jet with a medium that is non-reactive 
with the melt, but reactive with oxygen, the injec-
tor is protected, especially at the critical zone 
near the  injector–refractory interface   where 
refractory wear occurs. 

 Keith Brimacombe and his group at the 
University of British Columbia (Hoefele and 
Brimacombe  1979 ) conducted new research into 
gas injection. They clearly demonstrated that the 
properties of the bath had a major infl uence on the 
gas jet penetration. They found that converting 
operations, in particular in copper and nickel con-
verting, were characterized by large discrete bub-
bles of oxygen containing gas rising vertically 
above the tuyere tips. This suggested that the high 
refractory erosion at the back wall of the vessel 
was directly related to the dynamics of the gas 
injection process. They determined that above a 
critical back pressure, air injected into the con-
verter becomes underexpanded and discharges as 
a steady jet stream with a much greater penetra-
tion into the bath (jetting regime). This work sug-
gested that a jetting regime at high injection 
pressures could offer major benefi ts to converting 
operations. They speculated that underexpanded 
jets could lower the need for punching due to the 
greater momentum of the air jet. 

 The next major breakthrough in this area came 
in 1989, when Alejandro Bustos, who completed 
his Ph.D. work under Keith Brimacombe, joined 
the same Air Liquide group pioneered by Messrs. 
Lee and Savard. Bustos applied his experience in 
converting and sonic injection to the develop-
ment of a technology for high oxygen injection 
into non-ferrous converting vessels. This work 
led to the Air Liquide Shrouded Injector, which is 
also more commonly known as the ALSI. This 
was a truly innovative concept designed to take 
full advantage of the benefi ts of operating at high 
oxygen enrichment levels without increasing the 
rate of refractory wear (Bustos  1995 ). A sche-
matic diagram of the ALSI injector is shown in 
Fig.  3.7  (Kapusta  2013 ; Kapusta and Lee  2013 ).

   The injector consists of an inner pipe through 
which oxygen enriched air is injected. This pipe 
is surrounded by an annulus through which nitro-
gen, or another inert gas or a hydrocarbon, fl ows. 
Both gas fl ows are injected at pressures such that 
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the fl ow through the inner pipe and the annular 
space is choked. This technology reduces wear 
by two mechanisms: (a) a protective accretion 
forms at the injector tip, thus providing chemical 
protection and (b) the elimination of punching, 
thus reducing mechanical damage. This technol-
ogy has been tested in copper converters at the 
Union Minière Hoboken Smelter (now closed, 
company now known as Umicore) and in nickel 
converting at the Falconbridge (now Glencore) 
Smelter. Some spectacular shots from the 
Falconbridge tests are shown in Fig.  3.8  (Bustos 
et al.  1999 ). The photograph on the left clearly 
shows an example of a protective accretion that 
formed at the tip of the injector. The photograph 
on the right shows a comparison of refractory 

wear that is observed in “conventional” operation 
versus the minimal wear observed using shrouded 
tuyere injectors. More recently, the  ALSI tech-
nology   has been tested at Thai Copper (Pagador 
et al.  2009 ) and at the Lonmin Platinum Smelter 
(Kapusta et al.  2012 ).

3.1       Epilogue 

 It is interesting to note that although the Peirce–
Smith converter is over 100 years old, the tech-
nology concept has not changed very much since 
its original introduction. What has changed is 
that as a result of the relentless innovation and 
perseverance by operators and company 

  Fig. 3.7    A schematic diagram of the ALSI injector (Kapusta  2013 ; Kapusta and Lee  2013 )       

  Fig. 3.8    Reduction of refractory wear by  shrouded tuyere injectors   (Bustos et al.  1999 )       
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 managers to improve the way the process was 
operated, it now performs very well and in an 
environmentally friendly way at the world’s best 
smelters. Peirce–Smith converting now accounts 
for approximately 90 %  of   copper matte process-
ing (Davenport et al.  2002 ). The process, how-
ever, suffers from several drawbacks:

•    It operates batch-wise, giving an uneven fl ow 
of SO 2  gas to the sulphuric acid plant  

•   It leaks SO 2  gas into the workplace during 
charging and pouring activities  

•   Air leaks into the off-gas between the con-
verter mouth and the gas-collection hood, thus 
producing a relatively weak SO 2  gas    

 Some of these defi ciencies have been 
addressed over the years by such technologies as 
the Hoboken or siphon  converter  ; this is essen-
tially a Peirce–Smith converter with an  improved 
  gas-collection system. The Mitsubishi continu-
ous top-blown converter which blows oxygen 
enriched air onto a molten matte surface using 
vertical lances, the Outokumpu fl ash converting 
process and the Noranda continuous submerged 
tuyere converter are all examples of continuous 
processes. Continuous operations provide a more 
uniform gas strength to the acid plant. 

 Some of the innovations discussed here, such 
as the Gaspé puncher, improved workplace safety 
immensely and improved productivity. Other 
inventions such as the tuyere pyrometer helped 
the converter operator (skimmer) to better con-
trol the process. Prior to that, the operators would 
rely on “indicators”, such as colour of the off-gas 
fl ame and slag fl uidity, to determine “endpoints”. 
New technologies helped to standardize the oper-
ation from blow to blow. This helped turn the 
converting operation from an “art” to more of a 
“science”. 

 There is no doubt that some amazing inven-
tions have emerged over the years, such as the 
 ALSI   shrouded tuyeres, but the non-ferrous pyro-
metallurgical industry as a whole has been 
 reluctant to embrace new technologies. As new 
cost and environmental constraints are placed on 
the industry, new (and some old) ideas will need 
to be implemented. It is hoped that the innovative 

spirit that was so evident in the work at the Gaspé, 
Noranda, Falconbridge and Hoboken plants, to 
name a few, will be encouraged by present and 
future mine and smelter owners so that this tech-
nology will be continually improved and mod-
ernized well into the twenty-fi rst century.     
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4.1             Introduction 

 This review  is   intended to provide a concise but 
panoramic understanding of the past developments 
with respect to converter steelmaking and stimulate 
further revolutionary technological advances for 
the  future   development of the steel industry.  

4.2     The Early Years 

 During the nineteenth century the process of 
steelmaking was revolutionized. In 1856, the 
converter furnace with an  acidic refractory lining   
and  air blown bottom tuyeres   was developed. In 
1857, the Siemens open hearth furnace was intro-
duced and in 1864 this technology was combined 
with the Martin furnace for scrap melting to cre-
ate the Siemens-Martin open hearth. It required 
about 20 more years however, before the con-
verter  and open hearth furnaces  , both lined with 
basic refractory material, successfully dephos-
phorized hot metal for mass production of steel 
with acceptable quality. Hot metal in Europe had 

high phosphorus (P) content, since the available 
iron ores were high in phosphorus. 

  Mass production   of steel in those days was 
dominated by Britain, Germany, Belgium, and the 
USA. In Japan, the acidic open hearth and the 
acidic Siemens-Martin open hearth furnaces were 
installed in 1890 and 1896 respectively at navy 
and army steelmaking factories.  Annual produc-
tion   of these factories was 2.4 k tons, which was 
about 1.1 % of annual steel imports of 220 k tons. 

 From the end of the Russo-Japanese War in 
1905 until the outbreak of World War I in 1914, 
the  Japanese   steel industry suffered a recession, 
facing plant shutdowns, and mergers. Inadequacy 
of equipment and lack of good quality coal and 
iron ore were problematic. Despite the unfavor-
able circumstances, efforts by Yawata Works 
made it possible in 1914 to convert steel ingot 
production from remelting iron made by the tra-
ditional  Tatara method with charcoal   (17 k tons/
year) to steel made with  the   Basic Open Hearth 
(BOH) (275 k tons/year) and the acidic Bessemer 
converter (106 k tons/year). 

 Productivity of the acidic  Bessemer converter   
was much greater than  the   BOH, but the slopping 
loss of metal out of the converter mouth and ero-
sion wear of the bottom tuyeres resulted in 8 % 
lower metal yield on an ingot basis and 3.4 % 
higher cost of production. In addition,  the 
  Bessemer converter with an acidic lining could 
not make steel with phosphorus contents lower 
than about 0.1 wt% and hence the application of 
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steel products was limited to commodity wire, 
rod, and medium gauge rail. The high phosphorus 
content was a consequence of unavoidable use of 
 phosphorus-bearing iron ore   (0.2–0.3 wt%P) in 
the blast furnace due to the war- time shortage of 
low phosphorus ore imports. To improve dephos-
phorization (deP), refi ning the converter melt in 
the BOH was attempted by the Converter-BOH 
Combination process (double refi ning). However, 
this process resulted in 6 % lower metal yield, 
14 % higher ingot cost and could not compete 
with the advanced operation of the BOH, and was 
therefore terminated in 1927. 

 NKK introduced three basic refractory lined, 
bottom air blown 20 t Thomas converters from 
Germany and started operation with high phospho-
rus hot metal in 1938. Two more Thomas convert-
ers were installed by 1941 to produce 0.35 million 
tons of steel in 1942. However, due to war damage, 
all converters were shut down in 1945. When 
World War II ended, the number of BOHs was 197 
with a production of 1.23 million tons. In 1947, 
when post-war disturbances still remained, only 20 
 BOHs   were in operation, producing a very limited 
amount of steel, 0.4 million tons. However in order 
to promote economic self-reliance within Japan 
and meet the needs of the General Head Quarters 
(GHQ) of the United Nations forces (UNf) to sup-
ply materials in support of the Korean war which 
lasted from 1950 until 1953, steel production was 
increased. (Compilation Committee for Yawata 
Steel Historical Documents  1980 ; Harabuchi and 
Imoto  2009 ; Shimokawa  1989 ; Kawasaki  1982 ; 
Yawata  1980 ; Philbrook et al.  1951 ; - The Iron and 
Steel Institute of Japan  1964 ; The Iron and Steel 
Institute of Japan  1992 ; Sugita  1995 ).  

4.3     Steelmaking 
with the Oxygen Top Blown 
Converter 

4.3.1     Evolution  of   Oxygen Top 
Blown LD Converter 
Steelmaking 

 The  o  xygen top blown Linz Donawitz converter 
(LD) began operation at Vöest Linz with three 
30 t vessels in 1952 and at ÖMAG (Alpine) 

Donawitz with two 30 t vessels, all with BOH hot 
metal. In Europe, the Thomas converter process 
was in operation with high phosphorus hot metal 
smelted from European iron ores with high phos-
phorus content. However, phosphorus-bearing 
iron ores were not available in Austria where 
only low phosphorus hot metal was produced and 
this composition was not appropriate to sustain 
the heat balance required for the Thomas con-
verter. In addition, there were increasing demands 
for steels low in phosphorus and nitrogen in order 
to obtain steels with improved cold formability. It 
was diffi cult for Thomas converter steel to meet 
such demands. Attempts were made to decrease 
nitrogen in  the   converter with an oxygen enriched 
air blow, but this was not successful due to the 
heavy tuyere erosion. Scrap supply was insuffi -
cient in Austria to sustain BOH operations 
despite the fact that  BOH   steel with lower phos-
phorus and nitrogen contents has better cold 
formability. 

 To solve these problems,    Dürrer and  col-
leagues   successfully carried out experiments 
with pure oxygen, blown through a water-cooled 
top lance onto the surface of the molten metal. 
Vöest and ÖMAG adopted this new technology, 
went into a joint development, and succeeded in 
operating a 2 t vessel, and subsequently vessels 
of 12–15 t capacity in 1949, making steels with 
phosphorus, nitrogen, and oxygen contents below 
those found in BOH steel (Sugita  1995 ; Doi 
 1969 ; Lynn  1986 ; The Iron and Steel Institute of 
Japan  1982 ; Iron and Steel Handbook  2002 ).  

4.3.2     Transfer of  the   LD 
Steelmaking Process to Japan 

 Regarding pneumatic converter operations in 
Japan, Yawata had operational experience with 
the Bessemer converter which lasted until 1927 
and with a 5 t top blown converter from 1954. 
NKK revitalized the basic Thomas converter 
operation in 1954 with an oxygen enriched air 
blow. The two companies had exposure to infor-
mation on the LD operation in Austria via the 
 Ministry of International Trade and Industry 
(MITI)   and a trading company within Japan. 
They were stimulated by the operational advan-

T. Emi and A. McLean



79

tages of the new LD technology and its suitability 
for low phosphorus hot metal, compared to the 
Thomas converter or BOH, lower scrap ratio, 
lower refractory consumption, and no need for 
heavy oil as fuel.    Although the process technol-
ogy was still in its infancy with respect to indus-
trial mass production, it was speculated that there 
would be improvements in productivity, installa-
tion cost, labor cost, operating cost, and steel 
quality with the LD compared to the Thomas 
converter or BOH (Doi  1969 ; Lynn  1986 ; The 
Iron and Steel Institute of Japan  1982 ). 

 The two companies sent their representatives 
 to   confi rm these aspects on site and were con-
vinced of the future potential of the LD process. 
They attempted to negotiate independently with 
Alpine however in view of national interest, it 
was concluded, under the auspices  of   MITI, that 
NKK would be the sole representative licensee 
for the use and granting of sublicenses of the 
technology in Japan. Accordingly, a licensee 
contract was struck between NKK and Brassert 
Oxygen Technik AG (BOT, licensing company) 
via Alpine in 1956. Yawata struck a sublicensee 
contract with NKK which was kept open for 
domestic third parties. Milestones in the history 
of LD steelmaking in Japan were established 
with the installation of a 50 t LD at Yawata and a 
42 t LD at NKK in 1957 and 1958, respectively. 

 The aforementioned advantages  combined 
  with fi nancial support  by   MITI as part of the sec-
ond rationalization program of the Japanese steel 
industry prompted other steel companies to 
install LD converters (Fig.  4.1  (Baker et al. 
 1998 ), upper left). The share of LD steel produc-
tion which was around 5 % in 1958 surpassed 
BOH steel share in 1965 with 55 % of the steel 
produced, and in 1970 achieved 79 % with a pro-
duction of 73.51 million tons, the highest in the 
world. New installations of LDs, conversion of 
BOHs to LDs, and revamping of obsolete LDs 
continued until 1973, just before the oil shock 
crisis. With a total of 92 LDs including eleven 
250 t vessels and six 300–340 t vessels, Japan 
held the leading position in both the amount and 
share of the world’s production of LD steel, 
exceeding West Germany, the USA, Britain, and 
the USSR. 

 In contrast, BOH steel production  declined   
sharply. In 1970, BOHs in major steel compa-
nies were closed down, and in 1971 only 1.99 
million tons were produced within Japan. The 
last BOH was shut down at Tokyo Steel Okayama 
works in 1977, bringing a long and glorious his-
tory to a close.  

4.3.3     Development  of   the LD 
Steelmaking Process 
Within Japan  

 The success of the LD process  can   be ascribed to 
advantages such as greater productivity, lower 
production cost (~10% for carbon steel, ~30% 
for HSLA steel), and a lower requirement for 
scrap than the BOH process. These advantages 
were achieved due to the following improve-
ments and developments in equipment and oper-
ation after the transfer of the LD technology to 
Japan:

    1.    Enlargement  of   the shell volume, implemen-
tation of a supporting and tilting mechanism 
for the vessel with a concentric tulip profi le 
and taphole, and elimination of a detachable 
bottom. For example, in the case of a 300 t 
vessel, the inner steel shell volume and 
height/diameter ratio were set at 553 m 3  and 
1.3, respectively. The top cone angle was 
optimized, and a trunnion ring support 
together with a stepless variable speed tilting 
system was installed.   

   2.    A water-cooled main lance with multiple 
hole nozzle tip was invented to prevent spit-
ting and bottom refractory erosion during the 
blow (1962–1970).   

   3.    An automatic exchange system for a sub- 
lance equipped with temperature sensor and 
carbon meter was made fully operational in 
1966.   

   4.    A non- combustive    off-gas recovery system 
(OG)   was developed by Nippon Steel (now 
Nippon Steel Sumitomo Metal, NSSM) to 
retain off-gas energy and minimize off-gas 
volume and particulate emission (1962–
1969). This system was upgraded and 
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 subsequently implemented by steel compa-
nies throughout the world.   

   5.    A considerable reduction was achieved of 
vessel refractory consumption to ~7kg/t of 
steel with the development of tar bonded 
dolomite, stabilized dolomite bricks, and 
magnesia-carbon bricks.   

   6.     Signifi cant   improvement in the hit-rate of the 
carbon content and temperature (C-T) window 
at the end of blow was achieved with static and 
dynamic computer control of the main lance 
height and oxygen fl ow rate, utilizing accumu-
lated blow data calibrated with C-T values 
measured on-line with the sub-lance.   

   7.    Hot metal low in silicon and phosphorus for 
charging to the LD was produced by 
advanced blast furnace operations using low 
phosphorus iron ores imported from Brazil 
and Australia, accompanied by a decreased 
return of phosphorus-bearing BOH slag to 
the blast furnace.   

   8.    Development and implementation of hot 
metal pretreatment processes and secondary 
refi ning  processes   prior to and after the LD 
operation.   

   9.    Advances in single slag and catch carbon 
blowing techniques for medium and high 
carbon steels, low alloy steels  and   stainless 
steels to the extent that the resulting steel 
quality met or exceeded the standards 
required by JIS specifi cations.   

   10.    Prolongation of vessel life beyond 5000 
heats/campaign by developing zone lining of 
refractory, hot gunning refractory repair 
technology, and enrichment of magnesia in 
the LD slag during the blow, all of which 
increased LD productivity.   

   11.    Progress  in   (a) measurements at elevated 
temperatures of thermodynamic quantities 
and physical properties of the materials rel-
evant to the process, (b) equilibrium calcula-
tions for steelmaking reactions, (c) modeling 
of heat, mass, and energy transport phenom-
ena for process analysis, and (d) fl uid 
dynamic simulation of the process.   

   12.    Development of the theory and appropriate 
systems for the control and automation of the 
process.    

  Many of the above factors depended on  the   
progress achieved in Europe and the USA. Items 
(2) and (4) however were developed and imple-
mented within Japan. Considerable progress 
was achieved with items (5) through (12) after 
they were introduced from abroad. Cooperation 
among the licensee companies in sharing rele-
vant information on timely technological 
advances at the meetings and plant visits of the 
LD committee (later Discussion Meetings for 
Japan LD Technology), promoted by NKK and 
Yawata for Japan BOT members (1958–1966), 
contributed greatly to the technological 
advances. These meetings were succeeded by 
the Steelmaking Division of the Joint Study 
Committee of the  Iron and Steel Institute of 
Japan (ISIJ).   In addition, collaborative activities 
between academia and industry facilitated by 
the Joint Study Committee for the Fundamentals 
of Iron and Steel, by the Melt Refi ning Division 
and at bi-annual Meetings,    all held under the 
auspices of ISIJ, and those by the 19th 
Committee (1934-) of the  Japan Society for the 
Promotion of Science (JSPS)   greatly enhanced 
progress. It must also be noted that these activi-
ties were supported either directly or indirectly 
by the  Japan Iron and Steel Federation (JISF)   
and MITI (The Iron and Steel Institute of Japan 
 1982 ; Iron and Steel Handbook  2002 ; Tetsu-to-
Hagané  1975 ,  1985 ).  

4.3.4      Maturation   of the LD Process 
for High Productivity 

 During the favorable economy period which pre-
vailed after 1967, the LD operation continued to 
move toward higher productivity with extended 
fl exibility for hot metal ratios. Notable technolo-
gies that enhanced productivity included:

    1.    Charge time reduction with large capacity tor-
pedo/ladle cars to transport hot metal to the 
steelmaking shop with parallel improvements 
in scrap loading.   

   2.     Thinner   refractory lining to enlarge the vessel 
volume with the development of magnesia- 
carbon brick.   
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   3.    Hot gunning of magnesia or dolomite with 
vessel profi le monitoring and slag coating to 
cutback the repair time and prolong service 
life of the vessel refractory.   

   4.    Computer control  of   the main lance height 
and oxygen fl ow rate and optimization of the 
multiple hole lance tip design to minimize 
slopping and enhance dephosphorization 
under much increased oxygen fl ow rate.   

   5.    Simultaneous operation of all three vessels in 
a three vessel shop.   

   6.    Development of “ Direct tapping  ” which elim-
inated the time consuming end point sub- 
lance measurement of C and T, as the ultimate 
aim in dynamic blow control.     

 As a consequence of the improved equipment 
and operations, average productivity of LDs 
reached 240 t/h in 1974. In many plants, the end 
point hit-rate for the C-T window was about 
90 % for low C steels, even though the scrap rate 
was limited. Vessel refractory life was very much 
extended, with a record of 10,110 heats/cam-
paign established at the Kimitsu Works of Nippon 
Steel Corporation (now NSSM). 

 Since that time,  noteworthy   progress  has   
involved further prolonged refractory life with a 
slag splashing practice developed in the USA 
(Baker et al.  1998 ). After tapping, dolomite is 
added to the remaining slag on the bottom of the 
vessel, the main lance is lowered to about 70 cm 
above the bottom, and the magnesia enriched 
molten slag is splashed with nitrogen gas blown 
from the main lance to weld coat the inner sur-
face of the refractory lining. No particular 
equipment is necessary, and the operation is 
simple, lasting only a short period of time before 
proceeding to the next heat. For these reasons, 
the  splashing technique   has been widely adopted 
throughout the world. Refractory life from a 
fresh lining to the fi rst relining has exceeded 
20,000 heats. With the slag splash coating prac-
tice, however, clogging of tuyeres installed at 
the bottom of mixed blown converters, as dis-
cussed later, was an initial concern. This was 
resolved by controlling the fl ow rate of the 
nitrogen fl ushing gas. It has been reported (Liu 
et al.  2012 )  that   with delivery  of   inert gas 

through concentric bottom tuyeres combined 
with an appropriate gas fl ushing practice, the 
refractory life was extended up to 50,000 heats/
campaign. Caution is, however, necessary to 
ensure that the proper blow characteristics 
within the vessel are not adversely affected with 
an off-design,    distorted inner profi le which may 
result from an excessive number of splashing 
cycles. 

 With the automated blow operation,  the    C-T 
hit-rate   was improved with a narrower target win-
dow. Trimming of the blow pattern was refi ned to 
reduce spitting and slopping with amended mate-
rial additions. These improvements were made 
possible on the basis of integrated computer anal-
ysis of the data acquired with sensors for the vol-
ume and composition of the off-gas, temperature 
and composition of the steel melt, as well as 
vibration and acoustic wave characterization 
associated with the refi ning process.   

4.4      Steelmaking   with Bottom 
Blown and Mixed Blown 
Converters 

4.4.1     Birth of  the   Bottom Blown 
Converter,    OBM/Q-BOP 

 In spite of the advantages mentioned above,     the   
LD process had some inherent disadvantages:

    1.     In  suffi cient mixing of the metal bath, result-
ing in heterogeneity in temperature and chem-
istry within the bath.   

   2.     Sluggish      formation of molten slag with the 
added lime.   

   3.    Loss of iron  to   the slag phase caused by exces-
sively high temperature and over-oxidation at 
the impinging points of the oxygen jet on the 
metal bath.   

   4.    Diffi cult  to   prevent slopping when abrupt evo-
lution of CO bubbles occurred due to the over- 
oxidation and heterogeneity of carbon 
distribution in the bath. The multiple hole 
lance tip was to some extent effective in reduc-
ing slopping by decreasing the heterogeneity 
within the bath. Slopping happens when 
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 bubbles are retained in the slag under an unfa-
vorable combination of temperature and slag 
properties and the decarburization rate is high.    

  In the case of the bottom blown Thomas con-
verter,    heterogeneity within the bath was avoided 
and hence slopping was prevented. As mentioned 
previously however, the Thomas converter was 
limited in the amount of oxygen that could be 
used in the blowing gas due to the serious inci-
dence of tuyere erosion. In the mid 60s, after 
many diffi cult trials, Savard and Lee ( 1992 ) of 
Canadian Liquid Air overcame the erosion prob-
lem with a new concept based on the use of con-
centric, double tube,  annular tuyeres  . 
Hydrocarbon gases (propane, methane) were 
passed through the outer annulus of the concen-
tric tuyeres as a coolant which endothermically 
decomposed to cool the tip of the tuyere tube. 
Oxygen gas and lime powder were injected into 
the melt through the inner tube. A porous 
 accretion called a “ mushroom  ” was formed at the 
tip which prevented direct contact of the steel 
melt with the tuyere, and the cool decomposed 
 gas    passed   through the pores (Guthrie et al. 
 1992 ). 

 In 1967, the Savard and Lee technology was 
 validated    on   an industrial scale when Brotzmann 
of Maxhütte conducted trials with a 20 t Thomas 
converter in which the conventional tuyeres were 
replaced with the  new   annular tuyeres. In 1968, 
this innovative technology was commercialized 
under the name of Oxygen Bottom Blown 
Maxhütte (OBM) (Brotzmann  1992 ).    In 1973, 
US Steel implemented  the   annular tuyere tech-
nology on a large scale at Gary works in a 200 t 
basic oxygen furnace (BOF), which was similar 
in concept to the LD, and in 1974 at Fairfi eld 
works in 160 t BOFs. US Steel  gave   the new 
technology the name Q-BOP which stands for 
Quick refi ning, Quiet blowing, Quality Basic 
Oxygen Process. 

 A major problem encountered with the Q-BOP 
 was      poor endurance of the bottom tuyeres. For 
long life of the tuyere bottom, it was necessary to 
have  mushroom   accretions of similar size on all 
tuyeres. If imbalance in the cooling allowed a 
 mushroom   to melt away, the tip of the tuyere is 

burned back causing damage to the bottom. In an 
extreme case, the burn back proceeded to the 
outer side of the bottom, caused burn-through of 
the tuyere and burned the connecting oxygen pip-
ing, resulting  in   leakage of molten steel from the 
vessel (Nozaki  2000a ; Ueda et al.  1995 ; Savard 
and Lee  1992 ).  

4.4.2     Blowing Characteristics 
of the Q-BOP 

 In 1977,     Kawasaki Steel      introduced the Q-BOP 
technology to Japan. Two 230 t Q-BOPs with 18 
and 22 tuyere bottoms were installed at Chiba 
(Fig.     4.1 ,       upper right) (Baker et al.  1998 ). 
Parameters for control of the blowing process 
were established through extensive investigations 
with a water model and a 5 t Q-BOP. Aspects 
investigated included melt fl ow in the vessel, 
mode of lime injection, characteristics of  steel-
making reactions  , and  wear of refractory   (Nozaki 
 2000a ,  b ).

   The Q-BOP is distinctly different from the LD 
in that all of the oxygen together with lime pow-
der is injected through the bottom tuyeres. This 
has the following  advantages  :

    1.    Quick melting of the charged scrap.   
   2.    Very fast homogenization of the steel melt is 

sustained into the low C range. In terms of the 
time  required   for uniform mixing of the melt, 
the Q-BOP takes only about 10 % of that 
required by the LD (Fig.  4.2 ) (Nakanishi et al. 
 1978 ).

       3.    The rate of decarburization (deC) is also very 
fast, proceeding to near equilibrium for the 
C–O reaction.   

   4.    Loss of  Fe   and Mn in the slag caused by over- 
oxidation is smaller, and hence the yield of Fe 
and Mn is higher. For example, the total Fe 
content in the slag (T. Fe) at 1630 °C and 
0.04 %C is ~12 % compared to ~23 % for the 
LD.   

   5.    Accordingly,    the oxygen consumption for the 
Q-BOP is lower. Decarburization oxygen effi -
ciency for the LD decreases from unity at 
0.8 %C down to 0.6 at 0.2 %C, whereas for 
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  Fig. 4.2    Mixing  time   of melt in various BOFs with bottom gas fl ow rate (Nakanishi et al.  1978 )       

  Fig. 4.1    LD (BOF), 
         mixed blowing BOFs 
and bottom blown BOF 
(Q-BOP) (Baker et al. 
 1998 )       
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the Q-BOP, the effi ciency remains at unity 
until 0.4 %C and then decreases only to 0.9 at 
0.2 %C. In addition, the decarburization limit 
for the Q-BOP is lower than that for the LD 
and can be less than 0.02 %C.   

   6.    Slag formation  is   quicker, over-oxidation and 
slag amount are much smaller, and hence 
samples taken with the sub-lance are a better 
representation of the C and T of the bulk 
melt. Consequently, the hit-rate at the end of 
blow is close to 99 % and the reblow rate less 
than 1 % for a target window of 
0.05 ± 0.015 %C and 1610 ± 10 °C with a 
10% scrap operation.   

   7.    Slopping is much decreased and off-gas 
recovery with OG can reach 1.4 GJ/t.   

   8.    The desulfurization (deS) ratio is improved, 
and despite the lower (T. Fe) in the slag, the 
deP ratio is not much different from the LD, 
provided the injection of lime is properly 
 distributed between the initial period and  the   
later period of blowing.    

  On the other hand, there are some inherent 
 disadvantages   of the Q-BOP and these are out-
lined below:

    1.    Higher cost of investment.   
   2.    Refractory life of the tuyere bottom is still 

shorter than that of the vessel, calling for 2–3 
bottom exchanges during a campaign of the 
vessel refractory.   

   3.    The scrap  c  harge ratio is lower to the extent 
equivalent to the heat loss caused by use of the 
coolant gas.   

   4.    The  hydrogen   content in the Q-BOP melt at 
the end of blow, even after Ar fl ushing, is 
higher (4–7 ppm) than an LD melt (2–3 ppm) 
due to the hydrogen input generated by the 
decomposition of the hydrocarbon coolant. 
However, in a modern steelmaking system 
where vacuum degassing is often available, 
this may not be a serious issue.    

  In a similar process to Q-BOP, kerosene cool-
ant was used instead of hydrocarbon gases in a 
240 t LWS converter at Sollac in 1978. 

 The previously mentioned blowing character-
istics were well explained on a semi-empirical 
basis by Nakanishi et al. ( 1978 ) in terms of an 
 Index for Selective Carbon Oxidation (ISCO)  . 
Derived from the results of a model study com-
bined with operational data, the  ISCO   consists of 
the product of two terms:

    1.    A thermodynamic term to account for the par-
tial pressure of CO which defi nes the C–O 
equilibrium at the melt surface.   

   2.    A relative mass transfer term that represents 
the ratio of mass fl ux of oxygen supplied from 
the bottom tuyeres (or the main lance) to the 
mass fl ux of C supplied from the bath to the 
gas/melt interface. Here, the mass fl ux of C 
was approximated by the average melt fl ow 
rate,  q , in the bath, and  q  was defi ned as the 
inverse of the uniform mixing time, τ, of the 
melt ( q  = 1/τ). τ was determined to be propor-
tional to about −0.4 power of the mixing 
energy, ε, supplied to the bath (τ ∝ ε −0.4 ). Term 
(2) shows the predominance of either the oxi-
dation of Fe or the oxidation of C from the 
melt under a given CO pressure. The smaller 
the ISCO value, the better is the preferential 
oxidation of C to a lower C range without 
much loss of Fe by oxidation into the slag 
phase.    

  The  ISCO value   successfully described for the 
fi rst time in an integrated way the relation 
between the degree of melt stirring and the oxida-
tion into the slag of constituent elements in the 
metal bath for a variety of primary and secondary 
refi ning furnaces (Figs.  4.2  and  4.3 ) (Nozaki 
 2000a ; Nakanishi et al.  1978 ), and is considered 
to be a major contribution to process metallurgy. 
Later, Kai et al. ( 1982 ) proposed an amended 
index,  Balance   of Oxygen and Carbon Feeding 
Rate (BOC), which eliminated term (1) and 
replaced the metal fl ow rate in term (2) in ISCO 
with the mass fl ux of C. For the LD process, the 
BOC index was reported to give a slightly better 
 correlation   than ISCO in describing the behavior 
of (T. Fe) in the slag phase within the range of 
0.02–0.22 %C in the melt.

T. Emi and A. McLean



85

4.4.3         Development of   Mixed 
Blowing Converters 

 A mixed blowing converter which incorporated 
aspects of the LD  and Q-BOP  , with 70 % oxygen 
blown from a top lance and 30 % oxygen injected 
through bottom tuyeres, was put into operation at 
Mizushima (three 250 t vessels) and at Chiba 
(two 85 t vessels) of Kawasaki Steel during 
1980–1981. The top and bottom blowing con-
verter was named K-BOP ( Kawatetsu-BOP   
where the prefi x means Kawasaki Steel in 
Japanese, Fig.  4.1  bottom center). The ISCO 
value for the K-BOP was determined to be 64, 
which is very close to 58 for the Q-BOP, and 
much smaller than about 230 for a 160 t LD, 
despite the limited fraction of bottom injected 
oxygen. With the K-BOP only oxygen is blown 
from  the   top and bottom until a critical C content 
of 0.10–0.15 % is reached, at which  point   inert 
gas is injected through the bottom tuyeres to pro-
mote deC in the range below the critical C con-
tent (called Inert gas Decarburization,  ID  ). With 
the K-BOP, it is possible to change the main 
lance height to prevent slopping, thus acquiring 
better freedom to form slag and achieve better 
control of the deP operation. 

 Similar mixed blowing  or   top and bottom 
blowing LDs with the bottom blowing through 
the concentric tuyeres, called  LD-OB   
(LD-Oxygen Bottom  Blowing  ), has also been 

implemented with a total of ten installations at 
Nippon Steel Yawata, Oita, Kimitsu, and Nagoya 
in 1984. There are now over 100 top blowing 
converters with oxygen bottom blowing (OBM, 
Q-BOP, K-BOP, LD-OB, etc., all inclusive) 
installed in steel plants throughout the world. 
Sumitomo Metals (now NSSM) commercialized 
a top and bottom blowing process,    STB 
(Sumitomo Top and Bottom), with CO 2  as the 
bottom tuyere coolant in place of hydrocarbon 
gases. 

 It was known that in the  Thomas   converter and 
in secondary refi ning furnaces, bottom injection 
of gases promoted stirring and enhanced fl ow of 
the steel melt. However, the considerable 
improvement in blowing characteristics for the 
LD with the bottom injection of oxygen was a 
revelation to the steelmaking community, trigger-
ing the evolution of a variety of top and bottom 
blown converters. 

 As noted before, uniform mixing time, τ, is 
inversely proportional to 0.4 power of energy ε of 
stirring imposed and dissipated in the melt. The 
average fl ow rate q (ton/s) of the melt is inversely 
proportional to τ, i.e.,  q  = 2W/τ, with W (ton) 
being the mass of the steel melt. 

 For  an   inert gas bottom  stirred   250 t LD 
( LD-KGC)   at Mizushima, τ was calculated to be 
37 s with a relatively small 10 % injection of Ar, 
which is much shorter than about 75 s for an LD 
without bottom injection, and not too much 
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  Fig. 4.3    Oxidation  of   iron  in   slag in various BOFs with mixing time or ISCO (Nozaki  2000a ; Nakanishi et al.  1978 )       
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 longer than 14 s for the Q-BOP at Chiba. The 
concentration product of C and O in the melt in 
mixed blowing converters is found to decrease 
below the equilibrium concentration product of 
Ceq and Oeq with a shorter τ. In former times, 
this anomaly was interpreted to have been caused 
by lower partial pressure of CO than unity in the 
converters due to decomposed hydrocarbon cool-
ant. However, Kishimoto et al. ( 1989 ) showed 
that the O content in the melt did not change with 
the species of hydrocarbon coolant, but decreased 
with increased  q  which implies a shorter τ. They 
considered that the anomaly is caused by the fol-
lowing: At the impinging points of the oxygen jet 
on the steel melt, the activity of (Fe t O) formed by 
the oxidation of the melt is unity and oxygen in 
the melt may come close to the equilibrium value 
corresponding to the C and T at that location. 
When melt stirring or melt fl ow rate is large 
enough, however, oxygen in the bulk melt should 
be controlled by (Fe t O) which is generated at the 
impinging points but diluted in slag which covers 
a much wider surface area of the melt than the 
area of the fi re spots. The stronger the stirring or 
the greater the fl ow rate, the lower the activity of 
(Fe t O) which in turn controls the oxygen in the 
melt,  and   hence oxygen decreases with  q .  

4.4.4     Development of  LDs   
with Bottom Injection  of 
  Inert Gases  

 In view of  the   considerable improvement in 
blowing characteristics of the LD with a small 
amount of inert gas injection from the bottom, 
the injection of inert gas soon replaced oxygen 
and lime injection through the concentric tuyeres, 
thus eliminating  the   exchangeable bottom with 
the tuyeres and reducing the investment and run-
ning costs. 

 The following versions of  LDs   with gas stir-
ring  have   been commercialized by developing 
different types of Ar or N 2  bottom injection, 
resolving the erosion problems associated with 
the gas inlet plug and increasing the gas fl ow 
rate: LBE by IRSID-ARBED, LD-BC by CRM, 
and UBDT by Krupp employ either slit brick or 

permeable brick for the plug, while a metal tube 
(generally a single one) is used in the LD-AB by 
Nippon Steel, LD-KGC by Kawasaki Steel, 
LD-OTB by Kobe Steel, and NK-CB by 
NKK. Injected gas fl ow rates range from 0.01–
0.50 Nm 3 /min.ton (Fig.  4.4 ) (Baker et al.  1998 ), 
with the majority less than 0.2 Nm 3 /min.ton.

   With inert gas stirred LDs, there is  a   decrease 
in the critical C content at which the rate control-
ling step for deC changes from mass transfer of O 
to mass transfer of C, and hence the decarburiza-
tion oxygen effi ciency in the lower C range is 
improved and the (T. Fe) in the slag is reduced to 
below 20 % which corresponds to increased iron 
yield. For these reasons, conventional LDs were 
rapidly converted into the gas stirring variants. 

 To avoid the confusion  associated   with using 
the  names  , LD in Europe and BOF in the USA, 
the vessels are collectively denoted here as BOFs. 
 Gas stirred   BOFs with bottom injection of inert 
gas are designated as “Inert Gas Stirred BOFs,” 
BOFs with  bottom oxygen blowing   as “ Top and 
Bottom Blowing   BOFs,” and the two types of 
BOFs are identifi ed as “ Mixed Blowing   BOFs or 
 Combination Blowing   BOFs.” 

  Fig. 4.4    Variants  of   mixed blowing BOFs  as   developed 
from LD/BOF and Q-BOP/OBM (Baker et al.  1998 )       
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 In recent years, even better  productivity   was 
demanded from the mixed blowing BOFs. 
However, when greater oxygen gas fl ow was sup-
plied, there was interference between the fi re 
spots where the top-gas jet impinged onto the 
melt surface, generating spitting of molten metal 
droplets out of the vessels. The spitting effects 
were particularly severe with a lean slag opera-
tion when the use of pretreated hot metal low in 
Si, P, and S was introduced. Fukagawa ( 2006 ) 
designed a new main lance nozzle tip with six 
nozzle holes inclined in a particular way. Oxygen 
jets from the holes did not interfere with each 
other at the impinging points, thus preventing the 
formation of spitting. Using the new nozzle 
design on the main lance for 250 t mixed blowing 
BOFs at Wakayama, it was possible to  produce 
  300 k tons/month with a 1 out of 2 converter 
operation at a blowing time of 9 min and tap-to- 
tap time of 20 min.  

4.4.5     Utilization  of    Mixed Blowing   
BOFs for Scrap Melting 
and Smelting Reduction 

 In an integrated steel plant  equipped   with an OG 
system, top and bottom blowing BOFs are capa-
ble of melting scrap with less energy consump-
tion (~3.9 GJ/t, after deduction of the recovered 
off-gas credit) than the  electric arc furnace (EAF)   
(~4.5 GJ/t). At Hirohata works in 1993, a BOF 
was converted into a top and bottom blowing ves-
sel and operated as a coal- based, scrap melting 
unit (Oonuki  1998 ) using the existing off-gas 
recovery system. When the combustion rate of 
off-gas in the vessel was increased from 0 to 
30 %, the scrap ratio is increased by only 10 %. 
Addition of carbon-bearing fuel at the furnace 
mouth was not successful either, since much of 
the material was simply blown away. These 
shortcomings were resolved by using a hot heel 
operation that consisted of a high C melt into 
which oxygen and pulverized coal with low vola-
tile materials were blown through the bottom tuy-
eres with nitrogen as  the   carrier gas. Scrap was 
charged from a shoot on top of the vessel, oxygen 
was blown from the top lance to enhance scrap 

melting by secondary combustion of the off-gas 
in the vessel. High speed and stable low tempera-
ture melting practice increased the utilization 
effi ciency of the coal, prolonged refractory lining 
life, and sustained both the heat for melting and 
the energy contained in the recovered off-gas by 
controlling the degree of secondary combustion. 
In addition, evolution of dust, slopping caused by 
bursting bubbles, enhancement of deP by con-
trolling the (T. Fe) content of the slag, maintain-
ing optimum C content of the high C melt, and 
stabilizing heat compensation were all optimized 
by controlling S and ash content in the coal, the 
ratio of oxygen blown from the top lance, and the 
amount of addition of iron oxide pellets. The 
resulting hot metal was decarburized in another 
BOF  to   produce high quality steel which was 
reported to be of better quality than EAF steel. 

 During the 1980s, top and bottom blowing 
BOFs were also developed for the smelting 
reduction of Cr ore to produce stainless steel. 
Okuyama et al. ( 2013 ) have reported that at 
Chiba, 50 % of deP hot metal, Cr ore pellets that 
had been sintered in a rotary kiln, coke and stain-
less steel scrap were charged into a K-BOP to 
obtain Cr and Ni bearing hot metal. The hot metal 
was separated from slag, poured into a large size 
mixer equipped with a channel heater, and stain-
less scrap added to trim the Ni and Cr contents. 
The hot metal was then decarburized and dephos-
phorized in a second K-BOP  to   produce SUS 304 
and 430 stainless steels. The smelting reduction 
process provided Chiba with greater freedom to 
choose Cr sources depending on the market 
situation. 

 Recently, an additional lance has been 
installed to add Cr ore fi nes with burner heating 
into the hot metal in the fi rst stage 
K-BOP. Hydrogen- bearing   fuel is combusted 
with oxygen, and granular Cr ore is preheated 
in the combusting fl ame to compensate for the 
20 %/(unit mass Cr ore) required for the endo-
thermic heat of reduction. Emission of CO 2  is 
naturally decreased, together with erosion of 
the refractory lining. The top addition of coal to 
the hot metal combined with oxygen blown 
through the auxiliary lance has been in opera-
tion since the latter half of the 2000s. The coal 
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disintegrates and disperses as fi ne particles in 
the slag, thus providing favorable conditions 
for reduction of the preheated Cr ore granules 
which are also suspended in the slag. The aux-
iliary lance is equipped with a multiple hole tip, 
designed to combust the CO gas evolving in the 
vessel space from the Cr ore reduction to fully 
compensate for the heat required for  the   reduc-
tion reactions. 

 To obtain high Cr ferritic stainless steels with 
extra low C and N contents, the melt from the 
second K-BOP is further refi ned under vacuum 
with the  Vacuum Oxygen Decarburization (VOD) 
process   or  SS-VOD  . The total amount of stain-
less steel produced with the duplex K-BOP pro-
cess has been about 0.7 million tons/year. 

 Traditionally, stainless steels have  been    pro-
duced   from stainless steel scrap, Ni from various 
sources, and Fe-Cr alloys using EAFs in combi-
nation with converters such as the AOD (Argon 
Oxygen Decarburization) and CLU (Creusot 
Loire Uddeholm), both of which control oxygen 
partial pressure within a wide range during the 
blowing to minimize the loss of Cr. The steels are 
then further processed in  ladle refi ning furnaces 
(LRF)   depending on the quality requirement. The 
smelting reduction type duplex K-BOP route is 
reported to consume about 35 % less energy than 
the traditional EAF-AOD route. 

 Steelmaking and refi ning processes for stain-
less steels are quite diverse (Stainless Steel 
Handbook 1995 ). For example, Muroran installed 
the RH-OB process in 1972, Yawata put into 
operation a 150 t  LD-VAC (VOD)   in 1979 and 
hot metal pretreatment with soda ash combined 
with  LD-OB   in 1980. Wakayama started an oxy-
gen top blowing AOD in 1982, the same year that 
Nippon Metal began operations with an AOD- 
VOD, Wakayama continued with an  AOD-VOD/
VOD-PB   in 1990. In the same year, Fukuyama 
installed a top and bottom blowing BOF type 
Smelting Reduction Furnace ( SRF  ) for process-
ing Ni- and Cr ore. In 1991, Daido Specialty 
Steel introduced a vacuum  AOD (VCR),   in 1995 
Yawata initiated REDA and in 1996, a VOD was 
installed at Hikari. The different choices of pro-
cess are  made      based on the local conditions for 
each plant.   

4.5     Future of Technological 
Innovation in the  Steel 
Industry   

 With respect to the future, the high productivity 
steelmaking system will be one which is cost 
competitive and meets the requirements for high 
quality steels such as Interstitial-Free, High- 
Strength Low Alloy, and line pipe grades. 
Minimizing the paths for the fl ow of materials 
among different unit processes, selecting appro-
priate equipment to ensure quality processing, 
and decreasing labor costs by automation com-
bined with robotics, all aimed at reducing pro-
duction costs, would appear to provide a 
foundation for future progress. As a fi nal chal-
lenge, these advanced systems will require to 
 remain   competitive for many years within the 
world market in terms of productivity, quality, 
and cost. 

 In reviewing the history of steelmaking, the 
enthusiasm, endeavor, and accomplishments of 
our predecessors in industry, academia, and gov-
ernment who developed and improved the core 
technologies are most praiseworthy and highly 
commendable. The steel industry is a huge 
equipment- based organization. After the com-
missioning, construction, and start up of a new 
facility, the development of strategies for effec-
tive energy utilization and environmental protec-
tion is essential. The accumulation of these 
innovative developments and comprehensive 
improvements as a whole can certainly  be   viewed 
as revolutionary.  

4.6     Concluding Comments 

 With the passage of time, current steelmaking 
equipment, systems, and operations have come to 
maturity. On the other hand, some facilities 
which are not at the leading edge call for refur-
bishment with the most modern systems, but this 
requires heavy investment. It is worth noting 
however, that in the past, whenever there were 
major refurbishments, there were also many 
associated developments. Enthusiastic discus-
sions held cooperatively between the engineers 

T. Emi and A. McLean



89

of the steel industry and those of the machine 
building industry to determine specifi cations, 
install and start up the equipment, brought forth 
unexpected new ideas to further develop the 
facilities. Unfortunately, major refurbishments 
have become limited in recent years. Motivation 
for developments and improvements during a 
mature period usually comes externally from the 
demands of the market for enhanced quality and 
reduced costs, and internally from the demands 
for increased productivity and cost savings. 
Despite such circumstances, dedicated team 
work with high motivation has traditionally been 
a characteristic of those involved in steel produc-
tion. This concerted team work is still effective in 
providing signifi cant results. 

 Within the steel industry, the period from 
invention to industrialization usually takes a long 
time. For this reason, this is now the time to 
develop new core production technologies in 
order to secure high ROE and compensate for 
more expensive raw materials, increased labor 
costs, and expenses associated with new tax laws. 
This is appropriate not only for the high quality 
steel sector but also within the commodity steel 
sector. A critical factor in the future development 
of the steel industry is the importance of the per-
sonnel involved. High quality products require 
high quality processing and both require high 
quality people. Motivated capable people are the 
key to success. Of course, people may not be well 
motivated or capable in the beginning. 
Nevertheless, they should be motivated continu-
ally, in particular during hard times, and become 
more capable through challenges and persistent 
efforts. Researchers and engineers who are well 
trained and are actively engaged in R&D and 
who participate in cooperative projects between 
academia and industry are mandatory require-
ments for the survival of the industry. On site 
cooperation means experiments, data acquisition, 
and discussion within modern world class plants 
and academia. To ensure such endeavors are not 
limited to success only in reports, young engi-
neers and researchers must traverse the “Sea of 
Darwin” and address the technological chal-
lenges pertaining to new equipment, novel instru-
mentation, and sensor-based automation systems, 

implementing them within innovative processes 
in order to ensure the continuing prominence of 
advanced steel production technologies in the 
industrialized world of tomorrow.     
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5.1             Introduction 

 Technological innovations in the hydrometallur-
gical industry in the last 50 years have consisted 
largely of changes that allowed companies to 
exploit lower grade ores and to continually 
reduce the cost  of   metal production. Traditional 
 pyrometallurgical processing   of complex ores 
and concentrates is becoming increasingly 
expensive because of environmental constraints 
due to undesirable gaseous emissions, production 
of dusts, and the losses of valuable metal by- 
products in slags and residues that are discharged 
as effl uents from the plants. Hydrometallurgical 
 metal recovery processes   were introduced with 
the objective of meeting improved environmental 
requirements and reducing capital and operating 
costs by introducing innovative reagents, process 
chemistry, equipment, and operating modes. 
However, the hydrometallurgical processes have 
their share of challenges in managing the genera-
tion and disposal of liquid effl uents. 

 In hydrometallurgical processing, the fi rst 
step is  metal extraction  . Extraction is generally 
performed by leaching the target metal from the 

feed material using a variety of chemical reagents 
at optimum process chemistry conditions. In 
addition, accelerated extraction of different met-
als can involve the application of elevated tem-
peratures and pressures. The solution containing 
the metals of interest, referred to as the pregnant 
leach solution, can also contain some undesirable 
metals that were originally present in the feed 
material and are leached with the target metal. 
   The solid leach residue or solid effl uent, which 
contains most of the gangue or waste minerals, 
gets disposed in tailings dams or dumps. The 
extraction step is followed by metal purifi cation 
and recovery steps to obtain the fi nal purifi ed 
product. The  purifi cation step   in chemical pro-
cessing utilizes compounds that have high affi n-
ity for specifi c target metals to achieve effective 
separation. Processing techniques such as solvent 
extraction, ion exchange, carbon adsorption, and 
precipitation are commonly used for the separa-
tion of dissolved metals from the leach solution. 
 Electrolysis and precipitation   are used for the 
fi nal recovery of metals from purifi ed solutions. 

 Innovative development of a competitive and 
viable process factoring economical and environ-
mental considerations would require the applica-
tion of knowledge and experience gained in one 
or more of the chemical processes. Such innova-
tions are critical for a sustainable metallurgical 
industry. This section discusses the state-of-the- 
art and major technological innovations in chem-
ical separation processes that recover metals 
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through leaching of feed materials followed by 
solvent extraction, ion exchange, carbon adsorp-
tion, precipitation, and electrowinning.  

5.2     Leaching 

  Leaching   of material is performed using  different 
  process confi gurations. Some confi gurations 
involve leaching at atmospheric pressure or at 
higher pressures whereas others use extraction in 
situ or by assembling the raw material in a heap. 
 Atmospheric leaching   involves reaction vessels 
operating at atmospheric pressure containing the 
leaching solution and ground feed material. The 
 pressure leaching   has been used for ores contain-
ing metals such as uranium, zinc–lead, copper, 
nickel–cobalt, gold–silver, and platinum group 
metals (PGM). This technique is often practiced 
on crushed and ground ores and concentrates to 
accelerate dissolution at elevated temperatures in 
pressurized vessels (autoclaves). 

  Heap leaching   is accomplished by introducing 
a chemical solution to a bed of crushed low to 
medium grade ores and/or tails, which are often 
agglomerated. In response to the ever increasing 
price of base metals like copper, nickel, cobalt, and 
precious metals, heap leaching has become a 
major extraction technique used for large tonnage- 
low grade (generally 0.5–1 g/t) ores which cannot 
be economically benefi ciated into a concentrate or 
processed through atmospheric or pressure leach-
ing. In-situ leaching (ISL) process is  a  pplied to 
extract different metals from the ore deposit where 
the target metals are located within permeable 
materials, such as sands or sandstones, is saturated 
and confi ned above and below by low permeabil-
ity materials. Under these conditions, leaching 
solutions are pumped into the ore deposit, which 
dissolve the metals of interest. These metal-loaded 
solutions are then pumped to the above ground 
surface facilities for metal recovery. 

5.2.1     Atmospheric Leaching 

 Based on  sulfate    and   chloride media, several 
innovative atmospheric leaching processes have 
been developed for the recovery of base and 

 precious metals from ores and concentrates as 
alternative to the pressure leaching and the tradi-
tional roasting processes. The innovative aspects 
include (a) the production of elemental sulfur 
instead of sulfuric acid, (b) elimination of the 
addition of surfactant, (c) reduction of environ-
mental risks, and (d) lower capital and mainte-
nance costs as a result of leaching in vessels 
operating at atmospheric pressure. 

 Due to  the    aggressive   nature of chloride leach-
ing and stability of chloro-complexes, atmo-
spheric chloride leaching has been gaining 
increased attention as an option in hydrometal-
lurgical process applications. Several innovative 
processes such as Duval CLEAR Process, 
Canadian Titanium Limited (CTL) Process, the 
PRO’s Nickel Laterite Process, HydroCopper™ 
Process, and the SMM New Copper Process have 
been developed for the recovery of value metals 
from their feed materials. Among these pro-
cesses, Duval CLEAR Process has been commer-
cialized and others are under consideration for 
commercialization. Considering the advantages 
of the chloride chemistry, an innovative mixed 
chloride (HCl + MgCl 2 ) atmospheric leaching 
process has been developed for the recovery of 
value metals including titanium from ilmenite 
ores and nickel, cobalt, and iron from low-grade 
laterite ores (Lakshmanan et al.  2013 ).     The   pro-
cess offers many advantages: (a) direct extraction 
of nickel from cobalt raffi nate at lower pH 
(around 1.0) without adding any neutralization 
reagents, (b) conversion of ferric chloride to 
hematite and production of concentrated HCl, 
which is recycled to the leaching step, and (c) 
recycling of MgCl 2  in the nickel raffi nate to the 
leaching step.  

5.2.2     Pressure Leaching 

  Pressure leaching   is  an   innovative process step to 
reduce the environmental concerns related to tra-
ditional smelting processes and to decrease the 
operating costs by simplifying the process fl ow 
sheet. Initially, this process step was successfully 
applied in commercial operations for the recov-
ery of copper, nickel, and cobalt from their 
feed materials. This success has allowed several 
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 applications of the technique for the recovery 
of several other metals including uranium, gold, 
and zinc. 

 During 1993, a two- stage    pressure   leaching 
of zinc sulfi de concentrates was commissioned 
to replace the traditional  roast-leach-electrowin-
ning (RLE) process   at Hudson Bay Mining and 
Smelting Co. Ltd. (now HudBay Minerals Inc.) 
with the goal of meeting stringent environmental 
requirements (Barth et al.  1998 ). This process is 
now operated in different countries including 
Kazakhstan since 2003 and China since 2009. 
The fi rst stage leaching is performed at low acid-
ity to produce a low-iron pregnant zinc solution, 
which is suitable for iron removal followed by 
purifi cation. The second leaching stage is carried 
out at a higher acidity to achieve a high overall 
zinc extraction. The feed to the second leaching 
stage comprises the unleached zinc sulfi des and 
zinc-ferrite from the fi rst stage leaching and the 
balance of the return spent electrolyte. The pro-
cess has several merits over  RLE   including mini-
mization of SO 2  production, conversion of 
sulfi de sulfur to elemental sulfur, removal of iron 
as jarosite  with   generation of acid, and overall 
cost reduction. Some of the limitations of the 
process are autoclave scaling and molten  sulfur   
production. 

 The recovery  of    gold   from sulfi de ores and 
concentrates by pressure oxidation of sulfi de 
minerals under the acidic media is now practiced 
more than the traditional roasting process. In the 
beginning, the pulp is treated with acid to avoid 
the generation of CO 2  during pressure oxidation. 
 Antifoaming agents   such as lignosulfonates are 
used to avoid foaming of the pulp. Air is supplied 
to completely remove the carbon dioxide gas 
generated in the process. The pulp is washed 
before neutralization to minimize cyanide con-
sumption in the gold  leaching circuit.   The cost 
saving components of  the   process include higher 
gold recovery, minimization of gas emission, 
removal of arsenic as ferric arsenate, precipita-
tion of iron as hematite or as jarosite, and reduc-
tion of lime addition to neutralization circuit. The 
 carbon-in-pulp process   confi guration (similar to 
resin-in-pulp and carbon-in-leach) provides an 

attractive and economical option by eliminating 
the problematic solid–liquid separation step, 
which as a result also reduces the volume of wash 
water and the loss of gold.  

5.2.3     Heap Leaching 

  Heap leaching    is   another innovative process that 
has revolutionized the metal recovery industry in 
the 1970s and 1980s from uranium to gold in the 
United States, Peru, and other countries (Brunk 
 1997 ). It has several favorable attributes: (a) 
elimination of several steps in regular leaching 
process such as crushing, grinding, agitation 
leaching, solid–liquid separation, and counter-
current decantation circuits; (b) simple process 
and equipment confi guration; (c) lower environ-
mental risks due to signifi cant reductions in the 
generation of liquid and solid effl uents, and vir-
tual elimination of particulates/dust emissions; 
(d) low energy consumption; (e) applicability to 
low-grade complex ores and tailings; and (f) low 
capital and operating costs. The rapid expansion 
of the heap leaching combined with solvent 
extraction and electrowinning for copper produc-
tion occurred in Chile during 1990s. In the past 
decade, heap leaching of nickel laterites and 
mixed metal sulfi de ores (Taylor  2009 )  were 
  practiced.    Because some less desirable features 
such as (a) leaching kinetics is slow; (b) leaching 
cycles are long; (c) metal recovery is low; (d) 
footprint is large; and (e) heaps cannot be fi xed 
after construction, several heap leaching plants 
were shut down. Currently, a sulfi de heap leach-
ing plant is in operation in Finland. 

 It  is   important for any  ISL   operation to imple-
ment a well-designed groundwater monitoring 
system that can detect the escape of any process 
solutions (excursion). Recent advances in elec-
tronic monitoring may be incorporated as part of 
the bore-well permanently to monitor pH, 
 salinity, or concentration of specifi c metals of 
interest. Effi cient continuous data collection and 
 evaluation   would allow more rapid detection of 
process excursions and take corrective actions to 
 minimize   any adverse impacts.   
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5.3     Separation Processes 

5.3.1      Solvent Extraction   

 The increasing demand for high purity metals for 
industrial and domestic uses has provided impe-
tus to the development of effi cient and cost- 
effective solution purifi cation steps to recover 
metals from leach solutions. Solvent extraction is 
one such process step for  the   separation and puri-
fi cation of metals deployed in the hydrometallur-
gical industry. This process has its roots in 
analytical chemistry, where it is used to separate 
metals from solutions selectively and quantita-
tively. The fi rst large-scale process was deployed 
for the recovery of uranium and other isotopes 
from uranium ores and irradiated nuclear fuels. 
The key  factors   in the success of SX process are 
(a) the innovative development of cost-effective 
and less hazardous organic extractants that are 
specifi c to the metal being extracted and (b) a 
detailed understanding of the chemistry of the 
feed solution and the coordination chemistry of 
the particular metal ion in the solution. The fi rst 
commercial extractant specifi c to copper was 
LIX 64N ® , developed by General Mills 
Corporation.  Commercial   solvent extraction pro-
cesses have been expanding considerably since 
the 1960s. In this section, major innovations in 
the solvent extraction process are discussed 
related to the separation of value metals, particu-
larly, separation of cobalt, nickel, copper, zinc, 
titanium, niobium, tantalum, rare-earth elements, 
and PGM. 

5.3.1.1     Cobalt and Nickel Separation 
    The separation of cobalt from nickel  in aqueous 
solution   has been found to be diffi cult because of 
their very similar chemical behavior. Although 
cobalt and nickel exist as divalent hexahydrated 
ions in aqueous solution, the rate of water 
exchange on the cobalt ion is much higher than 
for nickel. Thus, the formation of ion complex 
often proceeds much more readily with divalent 
cobalt than with nickel. The  trivalent   cobalt ion is 
much less labile and forms in preference  to   nickel 
even though the redox potentials for the cobalt(II)-
cobalt(III) and nickel(II)-nickel(III) couples are 

nearly identical. In the  divalent state  , cobalt has a 
strong tendency to form tetrahedral complexes in 
concentrate electrolytes instead of the hexa- 
coordination complexes, as in such  aqueous solu-
tions nickel(II)   retains a hexagonal confi guration. 
These general differences in  chemical behavior   
provide the basis for the solvent extraction 
 processes currently used or proposed for cobalt–
nickel separation. In commercial solvent 
extraction plants, anion exchangers and acidic 
extractants are mainly used for the separation of 
cobalt from nickel  in chloride solutions  , ammo-
niacal  solutions  , and sulfate  solutions  . 

 In strong chloride  solution  , cobalt can readily 
form anionic chloro-complex such as CoCl 3  −  and 
CoCl 4  2− , whereas nickel does not form such com-
plexes. This difference with cobalt(II) allows the 
separation of cobalt from nickel in chloride 
medium with high selectivity. Falconbridge 
Nikkelverk in Norway has applied the principle 
to two feed solutions: (1)  Adogen 281      (a second-
ary amine) is used to extract copper and cobalt 
from chloride solutions generated from leaching 
nickel matte and (2)  tri-isooctylamine      is used to 
extract cobalt from a nickel chloride solution. 
Société Le Nickel (now Minemet) and Nippon 
Mining use Adogen 381 (a tertiary amine) and 
trioctyl amine, respectively,  to   extract cobalt 
from impure nickel electrolyte. In these opera-
tions, cobalt is readily stripped from the metal- 
loaded organic with a dilute hydrochloric acid 
solution. 

 In 1975, Nippon Mining’s Hitachi began 
applying  LIX ®  64N      for Ni extraction from a sul-
fate solution at a pH value of 9–10 using ammo-
nia for pH control. Nickel was stripped with 
spent electrolyte from the organic and recovered 
by electrowinning. Later, it was revealed that 
LIX ®  64N was losing its oxime group (C=NOH) 
by conversion to ketone (C=O) through the oxi-
dation of co-extracted cobalt(II) to cobalt(III) in 
the organic phase. A similar problem has been 
observed in the Cawse laterite project in Western 
Australian and the modifi ed Yabulu refi nery 
operations  at   Queensland Australia, where LIX 
84I and LIX ® 87QN (a mixture of LIX ® 84 and 
Escaild 110) are used, respectively, for nickel 
extraction from ammoniacal solutions. The 
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 ammoniacal leach liquor   is aerated to oxidize 
cobalt(II) to cobalt (III) to prevent co-extraction 
in the subsequent nickel solvent extraction pro-
cess in  Yabulu operation  . However, nickel 
 extraction most likely proceeds through a  cation-
exchange reaction   with nickel(II) replacing the 
loaded NH 4  +  from the extractant. The problem of 
organic degradation has been solved by the reoxi-
mation of the ketone group through the original 
oxime contact with hydroxylamine salts in alka-
line solutions. It should be noted that because 
small amounts of copper in the feed to extraction 
would accumulate in the organic due to high  pH 
conditions   in both extraction and stripping, the 
copper removal would require separate H 2 SO 4  
stripping (Bacon and Mihaylov  2002 ). 

 The  solvent   extraction process for the separa-
tion of cobalt from nickel using  di(2-ethylhexyl)
phosphoric acid (D2EHPA)      has been used in the 
mid-1960s at different laboratories including 
Eldorado Nuclear refi nery, CANMET in Canada 
and Rustenburg Base Metals Refi nery in South 
Africa. Some of the disadvantages of  using 
     D2EHPA are due to strong iron extraction, requir-
ing a reductive or HCI stripping, and low degree 
of cobalt–nickel selectivity requiring many 
extraction stages. In  Eldorado Nuclear refi nery  , 
the sieve-plate pulsed column was used to avoid 
multistage units like mixer-settlers in cobalt 
extraction. A reductive re-leach of the solids pro-
duces a nickel–cobalt sulfate solution, which is 
fed, after removal of impurities such as iron, cop-
per, and lead with NaOH, to the cobalt solvent 
extraction circuit in Rustenburg operation. The 
organic is preloaded with sodium to avoid adding 
base  for   pH control (pH 5–6) during cobalt(II) 
extraction. Trace amounts of calcium and magne-
sium remaining in the feed solution are co- 
extracted  with      D2EHPA, and calcium is removed 
as gypsum from the cobalt pregnant strip solu-
tion. Nippon Mining has used an organophos-
phonic acid extractant, PC-88A/Ionquest 801, for 
selective extraction of cobalt over nickel (nickel 
extraction requires a higher pH) from feed solu-
tion produced by leaching of the sulfi de cake at 
Queensland Nickel. 

 In early 1982,    Cyanamid (now Cytec) Canada 
Inc.    developed the di(2,4,4-trimethylpentyl)

phosphinic acid (    CYANEX ®  272  ) for selective 
extraction of cobalt over nickel at pH 5–6 with a 
substantially higher cobalt–nickel separation fac-
tor by lesser extraction and scrub stages. The 
development  of      CYANEX ®  272 expanded sol-
vent extraction applications in cobalt–nickel 
refi ning and allowed the replacement of expen-
sive and environmentally undesirable technolo-
gies. For example,  the   cobalt solvent extraction 
process  with       CYANEX ®  272 at Harjavalta refi n-
ery replaced Outokumpu’s older process of cobalt 
recovery from the NiSO 4  electrolyte by precipita-
tion as Co(OH) 3  with Ni(OH) 3 . 

 In Bulong operation,  cobalt   was extracted 
 with       CYANEX ®  272 from the leach liquor after 
two-step precipitation of iron, aluminum, and 
chromium at pH 4.2–4.5. The nickel in the raf-
fi nate was then extracted with a carboxylic acid, 
Versatic 10 (Preston and du Preez  1995 ). 
Previously,  SMM Niihama refi nery   and the 
 Rustenburg refi nery   operations have also used 
Versatic 10 to transfer nickel and cobalt from sul-
fate solution into a concentrated chloride solu-
tion. Cobalt is then selectively extracted with a 
tertiary amine, and fi nally both Co and Ni are 
recovered by electrowinning. The cost of Versatic 
10 is much lower than the organophosphorous 
extractants, but it is a weaker extractant,  requir-
ing   approximately a pH of 7 for effi cient Ni 
extraction, which exacerbates its other problems, 
namely, the high aqueous solubility (3–5 g/L) 
and relatively poor phase separation performance 
(Bacon and Mihaylov  2002 ). 

 In the late 1980s,    Cytec developed  CYANEX ®  
301     , very similar to CYANEX ®  272. The replace-
ment of both oxygen atoms with sulfur resulted 
in a very different extractive strength and selec-
tivity for base metals. Vale INCO has chosen this 
extractant for cobalt and nickel extraction in their 
Goro laterite project in New Caledonia. The use 
 of      CYANEX ®  301 allows nickel and cobalt to be 
extracted quickly due to its fast extraction kinet-
ics effi ciently (>99.9 % extraction) from the large 
fl ow of a relatively dilute partially neutralized 
leach solution without the co-extraction of any of 
the major impurities (magnesium, calcium, and 
manganese) and without the need for pH control 
and the addition of expensive base reagents. 
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However,       CYANEX ®  301 is not stable and 
decomposes in two steps.  The   fi rst step is revers-
ible, where the formation of disulfi de occurs, and 
the second step is irreversible, where disulfi de 
decomposes to elemental sulfur (Flett  2005 ). 

 Several  s  ynergistic solvent extraction (SSX) 
 reagents      have been proposed (Flett  2004 ; 
Lakshmanan and Lawson  1973 ; Ritcey  2006 ; 
Cheng et al.  2011 ) to improve selectivity and 
stripping effi ciency and to potentially create new, 
innovative applications. Lakshmanan and Lawson 
( 1973 ) observed that cobalt(II) cannot be stripped 
from Kelex 100 in kerosene with 7N sulfuric acid 
but the stripping was easier with dilute acid when 
they used a mixture of Kelex 100 and Versatic 
911 in kerosene as an extractant. The combination 
of LIX 63 and Versatic 10 has recently gained 
more importance due to  the      signifi cant synergistic 
shifts of the ∆pH 50  values for nickel, cobalt, cop-
per, zinc, and manganese  and   an antagonistic shift 
for calcium (Cheng et al.  2011 ). For an example, 
the  ∆pH 50  values   of nickel, cobalt, zinc, and man-
ganese compared to Versatic 10 have been found 
to be 2.79, 3.50, 1.99, and 1.17 pH units, respec-
tively, with a mixture of 0.5 M Versatic 10 and 
0.28 M LIX 63. However, the hydroxyoxime is 
susceptible to degradation if the solvent extrac-
tion process is operated under improper condi-
tions (Halford and Barnard  2011 ). 

 A further  understanding   of the chloride chem-
istry has enabled Process Research ORTECH 
Inc. ( PRO)      to develop recently an innovative sol-
vent extraction process for the recovery of nickel, 
cobalt, and iron from low-grade laterite ores. The 
process involves atmospheric mixed chloride 
(mixture of hydrochloric acid and magnesium 
chloride) leaching of ore, solid–liquid separation, 
and nickel and cobalt recovery by solvent extrac-
tion. One of the major advantages of  the      PRO’s 
proprietary process is the direct extraction of 
nickel from cobalt raffi nate with a hydroxyoxime 
extractant at low pH values of 1.0–1.5 without 
adding any neutralization reagents (Lakshmanan 
et al.  2014 ). The process claims to minimize 
intermediate neutralization and precipitation, 
consumes signifi cantly  less   energy, and to pro-
duce less waste for environmental release using a 
closed loop operation with recycle.  

5.3.1.2     Copper Separation 
 Over 20 %  of    the   global output of refi ned copper 
is produced by solvent extraction-electrowinning 
(SX-EW) hydrometallurgical plants and is gener-
ally suited for low-grade ores. The SX-EW pro-
cess is superior to other processes such as 
cementation of copper in terms of improved 
product quality and costs. New organic extract-
ants greatly reduce iron co-extraction and allow 
for a much wider range of copper concentrations 
(Rotuska and Chmielewski  2008 ). A noteworthy 
achievement in solvent extraction comes from 
extractants based on hydroxyoximes. In the 
beginning, the most important issue was the need 
to increase the strength of extractant and conse-
quently to improve the stripping effi ciency. For 
example, different mixtures of extractants were 
used based on LIX 64N (blend of LIX 64 and 
LIX 63). LIX 64 alone was able to extract copper 
selectively over iron in the pH range of 1.5–2.5, 
but with the disadvantage of slow rate of extrac-
tion (Cox  2004 ). This problem was alleviated by 
the addition of a small amount of LIX 63. LIX 
64N mixture is the extractant of choice for com-
mercial copper recovery by solvent extraction 
from acidic leach solutions (Szymanowski  1993 ). 

 The addition  of      modifi ers to the organic 
phase minimized and/or eliminated problems 
related to stripping performance. Although the 
modifi er blend resulted in a weaker extractant 
mixture, it was easier to strip with conventional 
electrowinning electrolytes. For example, 
Avecia with their Acorga reagents has showed 
that addition of nonyl phenol to hydroxyoxime, 
tridecanol, or alkyl esters improves the stripping 
performance with insignifi cant negative effects 
on extraction (Cox  2004 ). However, the addition 
of modifi ers produced less desirable crud for-
mation  and   entrainment, which resulted in 
greater contamination of the electrolyte with the 
leaching solution, increased losses of extractant 
and solvent from the extraction circuit, and poor 
selectivity. To remedy these problems, an inno-
vative approach was established by Outokumpu 
Oyj in Finland through the Vertical Smooth 
Flow (VSF™) mixers.    The basic idea of the 
VSF™ technology is to maintain smooth agita-
tion throughout the solvent extraction plant to 
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avoid oxidation of organic and development of 
overly small droplet size in dispersion (Outotec 
Oyj  2007 ). 

 The  solvent   extraction reagents  can   selectively 
extract copper over other metals from feed solu-
tion (Kordosky et al.  2006 ). The best reagent to 
achieve this for a number of years was Acorga 
P-5100, but in recent years, it has been replaced 
with new Acorga reagents such as M5640 and 
PT5050, both of which exhibit better selectivity 
and higher recovery characteristics (Rotuska and 
Chmielewski  2008 ). This new class of modifi ed 
aldoxime extractants has greatly contributed to 
the growth trend in SX-EW technologies. The 
pyridine carboxylic ester derivative such as 
Acorga CLX 50, containing 50 % of the active 
ingredient, has been developed for selective 
removal of copper from chloride leaching of sul-
fi de ores (Dalton et al.  1987 ). This extractant pro-
vides favorable selectivity  for   copper over other 
elements including iron, zinc, and lead present in 
the feed solution.  The   reduction of chloride con-
centration in the pregnant strip solution is crucial 
for the success of the electrowinning process.  

5.3.1.3     Zinc Separation 
  Zinc    electrowinning   from sulfate medium is 
extremely sensitive to the presence of trace impu-
rities and requires a highly purifi ed electrolyte. 
The selectivity of modern solvent extractants, an 
improved understanding of the process chemis-
try, and engineering innovations, have enabled 
today the deployment of solvent extraction as a 
purifi cation step ahead of the electrowinning 
step. The di(2-ethylhexyl)-phosphoric acid 
(D2EHPA) is used in most of the industrial sol-
vent extraction  for   zinc recovery from sulfate 
media. This extractant has a high selectivity for 
zinc over most of the metal halides and the 
accompanying metals (copper, cadmium, cobalt, 
and nickel) that are harmful for electrolysis and 
has the ability  to   readily strip by the spent elec-
trolyte. However, iron (III) is built up in the 
organic phase that needs to be controlled by a 
concentrated HCl treatment. For example, 
Skorpion mine (Namibia) uses the modifi ed 
ZINCEX process, where a bleed of the organic 
phase is separately contacted with 4–8 M HCl 

solution to strip iron and aluminum (Filippou 
 2004 ). The HydroZinc process has been tested on 
pilot plant scale  at   Red Dog mine (Alaska, USA), 
where iron buildup in the organic phase is 
removed by the reductive stripping  wit  h zinc dust 
(O’Keefe  1993 ). The mixing of D2EHPA with 
other extractants such as tri- n -butyl phosphate 
(TBP), tri- n -octyl phosphine oxide (TOPO), 
CYANEX 923, and amines may enable the use of 
sulfuric acid as a stripping reagent for iron(III) 
(Deep and Carvalho  2008 ). 

 The co-extraction of iron(III) with D2EHPA, 
TBP, and CYANEX 923 has been a problem in 
the chloride media. To avoid this issue, iron (III) 
is reduced to iron (II) prior to the extraction of 
zinc (II) (Deep and Carvalho  2008 ).     The   reagent, 
bis-benzimidazole (ACORGA ZNX 50), is used 
for selective extraction of zinc(II) from iron, 
arsenic, calcium, chromium, lead, magnesium, 
manganese, and nickel containing chloride leach 
solutions. The co-extracted copper is removed by 
scrubbing with water followed by stripping of 
zinc(II) with a chloride solution containing 
30 g/L Zn (as zinc chloride), 2 mol/L NaCl, and 
5 g/L HCl (Dalton et al.  1992 ).  

5.3.1.4     Titanium, Niobium, 
and Tantalum Separation 

 A  recently             developed      process is being commer-
cialized for the production of TiO 2  pigment 
(Lakshmanan et al.  2014 ). In this process, 
titanium(IV) is selectively extracted from the 
process solution at controlled pH and Eh condi-
tions. The process promises to minimize CO 2  
emissions, consume signifi cantly less energy, and 
produce less secondary waste due to closed loop 
operation with recycle (Sect.   9.3    ). 

  The    s  eparation  o  f  niobium   and  t  antalum is 
inherently diffi cult due to their very similar 
chemical properties. A commercial process based 
on solvent extraction performs separation of the 
metals as fl uoride ions containing sulfuric acid or 
hydrochloric  acid   solution. Mainly niobium(V) 
and tantalum(V) are in stable states and form 
very stable complexes such as NbOF 2  5−  and 
NbF 6  − , TaF 7  2−  and TaF 6  −  with fl uorides in solution 
(Zhu and Cheng  2011 ). Among  the   various 
extractants, methyl iso-butyl ketone (MIBK), 
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 tri- butyl phosphate (TBP), cyclohexanone 
(CHN), and 2-Octanol (OCL) are widely used in 
the industry for separating and purifying niobium 
and tantalum. The extraction of tantalum is more 
favorable than that of niobium in low HF concen-
tration solutions with  these   extractants. For 
example, 2-octanol is used to extract tantalum(V) 
as HTaF 6  from a solution containing 0–0.5  M    free   
HF and 1.5–2 M  H 2 SO 4        fo  llowed by niobium(V) 
as HNbF 6  in the presence of 7–10 M free HF and 
5–6 M H 2 SO 4  (Agulyansky et al.  2004 ; Zhu and 
Cheng  2011 ). After scrubbing the impurities, 
   both tantalum and niobium are separately stripped 
with water from the loaded organics.  

5.3.1.5     Rare-Earths Separation 
 Separation  of      rare earths (Lutetium or Lutecium 
plus yttrium) is a challenging task because of the 
close similarity of their chemical properties. 
Solvent extraction is generally accepted as the 
most appropriate process step commercially for 
separating these elements in hydrochloric and 
nitric acid media. The separation is based on the 
decreasing ionic size of these elements in the 
series, which gives an increasing acidity with 
increasing atomic number. This causes a varia-
tion in the formation coeffi cient of rare earths- 
extractant complexes, allowing preferential 
 extraction   of the  complex   into the organic phase 
(Cox  2004 ). A large number of extraction stages 
are required to reach the equilibrium due to sepa-
ration factors between adjacent elements being 
small. All three major classes of extractants 
(acidic, neutral, and basic extractants) have been 
utilized for separating rare earths. However, the 
organophosphorus acids have recently gained 
more importance for individual separation of rare 
earths in hydrochloric acid medium. Separation 
factors between adjacent elements follow the 
order: phosphinic acid > phosphonic acid >
 phosphoric acid. The 2-ethylhexyl ester of 
2- ethylhexylphosphonic acid (HEHEHP) (e.g., 
PC-88A, SME 418, Ionquest 801, and P-507) 
shows higher distribution coeffi cients for lan-
thanides than di(2-ethylhexyl)phosphate 
(D2EHPA) in both chloride and nitrate media. 
A process developed by Daihachi for separating 
rare earths using HEHEHP has been applied 

commercially at the separation plant in Baotou, 
China (Zhu  1991 ).       Recently, CYANEX 272 has 
been found to provide signifi cant advantages 
over other organophosphorus acid extractants for 
the extraction of heavy rare earths with greater 
average separation factors and easier stripping. 
A mixture of CYANEX 272 and PC 88A gives 
signifi cant synergism for the separation of heavy 
rare earths with higher loadings than either 
CYANEX 272 or PC 88A separately in chloride 
solutions (Xie et al.  2014 ).  

5.3.1.6      Palladium    and   Platinum 
Separation 

  Solvent   extraction separation is  an   effi cient and 
practical method for extraction and recovery of 
precious group metals from leach solutions 
obtained by chloride leaching of ores and spent 
catalysts. The separation and purifi cation of 
palladium(II) and platinum(IV) are again diffi -
cult because of their similar chemical properties 
in acidic (e.g., hydrochloric acid) media. 
Understanding the solution chemistry of these 
elements is key to successful separation by sol-
vent extraction. Palladium(II) and platinum(IV) 
have two common oxidation states and stereo 
chemistries  of   square planar and octahedral (Cox 
 2004 ; Lakshmanan and Ryder  1989 ). The octahe-
dral [Pt(Cl) 6 ] 2−  is essentially inert, while the 
square planar [Pd(Cl) 4 ] 2−  has lower thermal sta-
bility but higher dynamic activity, which is favor-
able for [Pd(Cl) 4 ] 2−  to have reactions of hydration 
and ligand exchange in hydrochloric acid media. 
For example, phenolic oximes can be used to 
separate palladium(II) and platinum(IV). In this 
case, the former is extracted as a 2:1 complex, 
[Pd(L) n ], at pH ≥ 3.0 while the kinetic inertness 
of platinum(IV) ensures that it is only loaded 
very slowly and therefore remains in the aqueous 
phase. 

 In general,    kinetically inert  metals   do not lose 
coordinated anions to generate lower charge 
during the extraction of more readily extractable 
species. These metal anions could be easily sep-
arated on the basis of their charge differences. 
For example, by maintaining the oxidation state 
of iridium(III) and rhodium(III) as their trian-
ions [Ir(Cl) 6 ] 3−  and [Rh(Cl) 6 ] 3− , respectively, 
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   platinum(IV) as its dianion [Pt(Cl) 6 ] 2−  is selec-
tively extracted with tri- n -butylphosphate over 
these metal anions from acid chloride solution. 
The key to this separation process is to ensure 
that [Ir(Cl) 6 ] 3−  and [Rh(Cl) 6 ] 3−  are not converted 
into their more readily extracted [Ir(Cl) 6 ] 2−  and 
[Rh(Cl) 6 ] 2−  complexes. Similarly, by considering 
the stripping advantage, weakly basic alkyl 
amides are used for the extraction of platinum(IV) 
from acidic chloride solutions.   

5.3.2     Ion Exchange Technology 

 Ion exchange (IX)  is   another process step that is 
widely used  in   hydrometallurgy for metal separa-
tion and recovery. The natures of the media used 
for ion exchange, and the confi guration and mode 
of ion-exchange column operation have evolved 
through many innovative developments. Ion 
exchange was fi rst used  to   recover uranium in the 
1960s (O’Malley  2002 ). In the 1970s, the Union 
of Soviet Socialist Republics ( USSR)   applied 
synthetic organic resins instead of activated car-
bon for the recovery of gold and silver from cya-
nide leach solutions (Bolinski and Shirley  1996 ). 
This process also plays an important role in 
recovering PGM, molybdenum, nickel, copper, 
and other valuable metals and for the treatment of 
process water (van Deventer  2011 ). They are 
superior to activated carbon with respect to gold 
loading kinetics and the maximum gold loading 
achievable. Other  advantages   include the ability 
for the metal ions to be eluted from the loaded 
resins at room temperature, media resistivity to 
poisoning by organic species, and strength to 
minimize attrition and breakage, in addition to 
resin’s capability against blinding by fi ne clay 
particles (Fleming et al.  2003 ). The resins are 
relatively expensive, have a lower selectivity for 
gold over other base metal complexes, and are 
smaller in particle size than activated carbon. 

 The resin-in-pulp ( RIP  ) and the similar carbon- 
in-pulp (CIP) technologies have been developed 
for the recovery of gold and uranium from low-
grade ores (van Tonder and van Hege  2007 ). Most 
commercial operations for the  recovery of gold   
use special strong-base or medium-base anion-

exchange resins with an optimal balance between 
the weak- and strong- base groups on the resin. 
Operations in the USSR use mainly strong-base 
resins, such as AM2B, manufactured by the 
Pridneprovsky Chemical Plant, Ukraine. Other 
commercially available strong-base resins are 
Aurix 100 (Cognis), Dowex Minix, and Purolite 
A100/S992/2412 (van Deventer  2011 ). Similarly, 
 strong-base   anion-exchange resins, containing 
quaternary ammonium functional groups, are 
most commonly used for commercial uranium 
extraction both from alkaline and acidic leach 
liquors and pulps. 

 Recently, the  RIP process   has been developed 
for nickel and cobalt recovery from laterite ores 
(Littlejohn and Vaughan  2012 ). In this process, 
resin and pulp are contacted countercurrently in a 
series of agitated contactors. The loaded resin is 
separated from the pulp over screens, washed, 
and transferred to elution. The eluted resin is then 
returned to the ion-exchange circuit. The process 
provides an attractive and economical option by 
avoiding a pulp fi ltration step, which is usually 
problematic. Thus, the ion-exchange operation 
reduces the wash-water volume and minimizes 
the loss of value metals. 

 The growing  environmental and occupational 
safety   concerns over the use of cyanide in gold 
processing have resulted in increased interests 
towards alternative  lixiviants   such as thiosulfate, 
thiourea, thiocyanate, and halides. Among these 
reagents, considerable research has been aimed at 
thiosulfate leaching of gold. For such leach 
 solutions, the activated carbon has not been found 
to be an effective medium for the adsorption of 
the gold thiosulfate complex. However, much 
success has been achieved commercially in the 
use of strong-base resins, such as Purolite A500C, 
in RIP operations (Fleming et al.  2003 ). 

 The  separation and purifi cation of Pt(IV), 
Pd(IV), and Rh(IV) ions   in hydrochloric acid 
solutions are relatively diffi cult, primarily 
because of the complex chemical properties of 
these ions and their tendency to form different 
chemical complexes in hydrochloric acid solu-
tions. By maintaining the conditions such as tem-
perature, redox potential, and acidity, palladium 
has been selectively separated from these metal 
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ions using a  molecular recognition-type resin  , 
 SuperLig ®  2  , at the Impala Refi neries in Springs, 
South Africa (Black et al.  2006 ). The molecular 
recognition technology ( MRT  ) utilizes “lock and 
key” chemistry. It offers highly selective separa-
tion of the target metal ion in the presence of high 
concentrations of competing ions through selec-
tive complex formation with specially designed 
organic chelators (ligands) that are chemically 
bonded to solid supports such as silica gel or 
polymer substrates. 

 Similarly, through an understanding of  param-
eters   such as size, geometry, and coordination 
chemistry, the separation of cobalt is facilitated 
by oxidizing cobalt(II) to cobalt(III) on to the 
molecular recognition-type resin. For example, 
cobalt(II) was selectively separated over other 
ions including nickel(II), copper(II), and zinc(II) 
by oxidizing SuperLig ® 138-bound cobalt(II) to 
cobalt(III). 

  Purifi cation of metal electrolytes   is important 
prior to the production of metal by electrowin-
ning. For example, the  impurities   such as copper, 
nickel, and zinc in cobalt electrolyte create prob-
lems in the electrowinning of cobalt. The removal 
of small amounts of nickel from cobalt electro-
lyte is not a trivial task because of their similar 
chemical properties. Here, ion exchange has 
proved to be an appropriate technology over pre-
cipitation and solvent extraction processes to 
remove trace quantities of these impurities from 
cobalt containing process streams. Chambishi 
Metals PLC in Zambia has successfully removed 
nickel from cobalt with bis-picolylamine func-
tionality,  DowM4195 resins  . In a mildly acidic 
solution, it exhibits a selectivity order of (van 
Deventer  2011 ): Cu 2+  > Ni 2+  > Fe 3+  > Zn 2+  > Co 2+  > 
Cd 2+  > Fe 2+  > Mn 2+ . Similarly, the di(2-ethylhexyl)
phosphoric acid (D2EHPA)-impregnated resin, 
Lewatit VP OC 1026, has been successfully used 
since the 1980s at Vale’s Port Colbourne, Canada, 
refi nery for the removal of zinc from a nickel 
electrolyte prior to electrowinning (Agnew et al. 
 1998 ) and is also used in several nickel plating 
bath systems for the removal of ferric iron and 
zinc (Kotze  2012 ). 

 For effective  water management   in hydro-
metallurgical operations, recycling the process 
waters is essential that often leads to cross con-
tamination of the water sources. Also, fi nding 
good quality water for mining operations in 
remote areas remains a challenge. The  Purolite’s 
Cyclic Ion Exchange (CIX-RO) technology  , 
using the inert-core Shallow Shell resin, 
Purolite SST65, has the ability to use very low 
concentrations of brine for regeneration. This 
technology provides savings in power con-
sumption, water, and waste disposal and also 
makes the overall process more environmental 
friendly.   

5.4     Metal Recovery 

5.4.1     Precipitation 

       Precipitation is one of the important and widely 
used industrial process steps for the recovery of 
metals from different solutions. The develop-
ment of innovative iron precipitation techniques 
such as hematite and jarosite allows the hydro-
metallurgical process to recover zinc commer-
cially from leach solution obtained from sulfuric 
acid leach of roasted zinc concentrates. Similarly, 
the hematite process was commercially prac-
ticed by the Akita Zinc Company in Japan 
(Tsunoda et al.  1973 ). 

 In jarosite process,    precipitation of iron occurs 
from acidic sulfate solution at a pH of about 1.5 
and a temperature of about 95 °C. This process 
overcomes the gel formation in the conventional 
ferric hydroxide precipitation, which in turn 
 prevents serious problems related to settling, fi l-
tration, and washing of the residue. The jarosite 
process was developed in the mid-1960s by 
Asturiana de Zinc S.A. of Spain, Det Norske 
Zinkkompani A/S of Norway, and Electrolytic 
Zinc Company of Australasia Ltd., independently 
(Arslan and Arslan  2003 ). It should be noted that 
the jarosite process is used for iron removal and 
not for iron recovery as the precipitated jarosite is 
sent for disposal. 
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 The  increased   applications of nucleation or 
seeding and supersaturation control in precipita-
tion processes may be viewed as innovative 
approaches. Nucleation is used to initiate the pre-
cipitation of chosen metal ions, particularly at 
low concentrations, and also to enhance the mor-
phological character of the precipitate. It is gen-
erally accomplished through recycle of the 
precipitated solids, e.g., production of nickel 
from nickel ammine solutions by hydrogen 
reduction. The supersaturation control can result 
in signifi cantly improved precipitation effi ciency 
and controlling the particle size of the precipi-
tated solids (Demopoulos  2009 ). Finally, these 
features can also improve the solid–liquid separa-
tion characteristics of the slurry. 

  Sulfi de   precipitation is another important pro-
cess over hydroxide precipitation for the recov-
ery of either intermediate or fi nal product of base 
metals including nickel, copper, cobalt, and zinc. 
The main advantages of this process are the high 
recovery of metals at lower pH values (2–3) 
within a short reaction time, less metal sludge 
generation, and easy solid–liquid separation. In 
the nickel industry, the sulfi de precipitation is a 
well-accepted process step since it rejects man-
ganese and gives a clean, readily saleable prod-
uct. For example, the process was successfully 
applied for the recovery of nickel from low-grade 
laterite ores (<1.5 % Ni) at Moa Bay operation in 
Cuba and for the purifi cation of nickel at Freeport 
Nickel Company refi nery in Louisiana. The pro-
cess has also some limitations such as the poten-
tial for hydrogen sulfi de (H 2 S) gas evolution and 
the concern for sulfi de toxicity in emission 
releases. To reduce H 2 S contamination, different 
sulfur containing reagents such as sodium sul-
fi de, sodium hydrosulfi de, and ferrous sulfi de 
have been introduced and are used. 

 Oxidative  precipitation o  f iron and manganese 
from sulfate solutions using a gas mixture of sul-
fur dioxide (SO 2 ) and air (or O 2 ) is another inno-
vative separation process for the recovery of base 
metals including nickel, cobalt, and zinc. The 
process offers many attributes, especially for 
plants running a sulfur burner or a sulfi de roast-

ing facility on site where off-gas is used as a 
source of SO 2  and mixed with air. This SO 2 /air 
mixture is a relatively cheap and strong oxidant 
that allows the oxidative precipitation of iron and 
manganese at relatively low pH values. The oxi-
dation precipitation process is very effective for 
the separation of cobalt from nickel in solutions. 
Cobalt is quite selectively oxidized and precipi-
tated in presence of relatively large concentra-
tions of nickel although their pH-Eh 
characteristics are very similar. In this case, a 
strong oxidant such as ammonium persulfate, 
chlorine, ozone, or Caro’s acid is used to increase 
the redox potential at around +1.75 V. This pro-
cess has been deployed at different installations 
including INCO and Falconbridge in Canada, 
and Jinchuan Group Ltd. in China for cobalt 
removal from nickel solutions. 

  Precipitation of   metals by cementation offers 
high purity metal recoveries with low costs and 
eliminates the need for close monitoring of the 
waste stream composition and external control of 
the supply rate of the treatment reagents.  

5.4.2     Electrowinning 

  Electrowinning    is   an important metal recovery 
process step, which allows selective recovery of 
metals such as copper, nickel, zinc, gold, and sil-
ver from different solutions. The process is typi-
cally used on drag-out recovery solutions or 
combined with ion exchange/solvent extraction. 
Innovations in the design of electrowinning 
devices include extending the usable current 
range by increasing the cathode surface area, and 
reducing the diffusion barrier using agitation or 
heating. For example, the use of rotating elec-
trodes can provide attractive economics for the 
recovery of a variety of metals even at lower 
concentrations. 

 In  the   copper industry, a major  breakthrough   
in electrowinning came when Bagdad cathode 
produced from a leach and SX process was regis-
tered on the Comex in 1975 followed by the reg-
istration of Anamax cathode on the London 
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Metal Exchange (LME) (Kordosky  2002 ). The 
copper quality and current effi ciency were also 
improved by plating copper on stainless steel 
blanks. In the 1980s, Magma Copper began to 
use a manifold to consistently distribute the elec-
trolyte to every cathode in a cell, which was a key 
factor in their ability to produce LME quality 
copper at current densities up to 320 A/m 2 . A 
modern copper electrowinning tank house cou-
pled with solvent extraction can achieve 90–93 % 
current effi ciency while producing 60–80 % 
more copper per unit of the tank house area than 
the earlier electrowinning tank houses. Adding 
cobalt sulfate in the electrolyte reduces corrosion 
of lead anode in copper electrowinning. The 
strong electrolyte stream from SX is cleaned by 
fi ltration through garnet sand and anthracite. 
Special grades of water-soluble polymers are 
used as smoothing agents and acid mist suppres-
sants (Kordosky  2002 ). 

 The  recent   innovations in  copper   electrowin-
ning include advances in energy reduction and 
acid mist reduction and improvements in product 
quality and productivity. In 2007, a PGM-coated 
titanium mesh anode was commercially intro-
duced in the electrowinning cell at Chino, New 
Mexico (Sandoval et al.  2010 ). Similar anodes 
have been installed at other electrowinning facili-
ties in North and South Americas. The mesh 
anode has produced a 15 % reduction in cell volt-
age and eliminated lead completely from the 
electrowinning operations. In 2010, Freeport- 
McMoRan    researchers claimed an alternative 
anode reaction technology, which allows the oxi-
dation of ferrous ion to ferric ion at the anode, 
thereby reducing cell voltage by approximately 
50 % and avoiding the generation of acid mist. 
   Air sparging under the cathode in an electrowin-
ning cell allows for the production of high quality 
copper cathode and results in a smaller tank 
house footprint. At Anglo Los Bronces (north of 
Santiago, Chile), fi ber-reinforced plastic elec-

trode frames manufactured by SELE were fi rst 
installed in the electrowinning cells to produce a 
high quality copper product. 

 In 2011,     Anglo   American Platinum imple-
mented several new technologies including per-
manent titanium cathodes, mechanical stripping, 
anode skirts, and cell hoods in nickel tank house 
at Rustenburg, South Africa. The permanent 
titanium cathodes have allowed the use of 
mechanical stripping. The cell hoods and anode 
skirts have been employed to reduce worker 
exposure to aerosol and mist exposure. Recently, 
Vale has designed a novel nickel tank house 
with coated titanium anodes, which allows the 
use of mixed sulfate/chloride electrolyte at Long 
Harbor, Newfoundland, Canada, where gener-
ated chlorine gas is recycled to the leaching 
stage. 

  The   development  of   mechanical stripping of 
the zinc cathodes has resulted in increasing zinc 
productivity from 8.1 man-hour per tonne in 
1993 to 5.1 man-hour per tonne in 2003. 
Optimization of the stripping machines to fi t the 
needs of each zinc plant was conducted relating 
to the type of plastic edges as well as the insula-
tors. Noranda Technology Centre developed an 
online sensor for detecting the quality of the puri-
fi ed solution entering the cell house (Houlachi 
et al.  1993 ). This sensor detects and allows for 
remedial actions during process upsets affecting 
the quality of the electrolyte.   

5.5     Summary 

 In summary, innovations in chemical processing 
steps have made it possible to meet the challenges 
posed by economic and environmental needs with 
improved resource utilization. A detailed sum-
mary of the innovations in major separation pro-
cesses used in the hydrometallurgical industry is 
presented in Table   5.1 .    
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6.1  Introduction

Biological processing of sulfidic ores and 
 concentrates is a commercially proven hydromet-
allurgical process employing naturally occurring 
microorganisms to catalyze the oxidation of sul-
fide minerals to extract base metals, such as cop-
per, nickel, and zinc, and to enhance the recovery 
of precious metals occluded (locked) within sul-
fide minerals, such as pyrite and arsenopyrite. 
Biological processing is also referred to as biole-
aching, biomining, biohydrometallurgy, and min-
erals biooxidation, the latter when applied to 
precious metal ores or concentrates to enhance 
recovery of precious metals.

Biological processing has likely been unknow-
ingly used for the recovery of copper from ores 
for over 2000 years (Rossi 1990), although the 
role of microorganisms in the leaching of sulfide 
minerals was unknown until the late 1940s and 
early 1950s (Colmer and Hinkle 1947; Colmer 
et al. 1950; Temple and Colmer 1951). Early 
records dating from 166 AD indicate the wide-
spread practice of copper leaching in Cyprus and 
it is well known that the Romans recovered 

 copper by leaching from a deposit located at what 
later became the Rio Tinto mine in southern 
Spain (Rossi 1990). This area of Spain is rich in 
metal sulfide minerals, so bioleaching of these 
sulfides most likely occurred during Roman 
times. Even in very early times copper, resulting 
from the biologically facilitated dissolution of 
copper sulfide minerals, was recovered from 
solution by displacement with iron. The Chinese 
king Liu-An (177–122 BC) described this elec-
trochemical conversion process of cementation, 
or reduction of copper sulfate, using iron. 
Paracelsus (1493–1541), a Swiss physician and 
alchemist, also described copper cementation on 
iron, referring to it as a transmutation of elements 
(Rossi 1990).

Today biological processing is widely prac-
ticed at commercial scale for the extraction of 
copper and gold. Some 18–20 % of the world’s 
mined copper production is now the result of 
biological processing. This estimate is obtained 
by examining world copper mine production, 
copper produced by solvent extraction/electro-
winning (SX/EW) (about 22 %), and approxi-
mating percentages of oxide ores versus sulfide 
ores (ICSG 2013). Chile and the United States 
account for 93 % of the world’s electrowon cop-
per (Edelstein 2013). Identifying the major cop-
per sulfide leach operations in these two 
countries and totaling these operation’s annual 
production provide additional information to 
estimate production by biological processing. 
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About 3 % of the global mined gold production 
is now the result of biological processing based 
on annual gold  production from plants using 
biological processing (Biomin 2014) and com-
paring that with total annual mine production of 
gold (USGS 2014).

This chapter begins with a description of the 
chemistry and microbiology of biological pro-
cessing of sulfide ores and concentrates. This is 
followed by an explanation of how the process 
is engineered and the innovations that have 
been introduced in commercial practices. The 
chapter concludes with a view of how biologi-
cal processing technologies for ores may be 
applied in the future with new advances and 
the motivating factors for using biological 
processing.

6.2  The Microbiology 
and Chemistry of Biological 
Processing

It is important to understand the microbiological 
and chemical underpinnings of biological pro-
cessing to appreciate the innovations that have 
revolutionized biological processing in the last 
several decades and continue to impact the 
technology.

6.2.1  Microbiology

The natural habitats of all microorganisms used in 
bioleaching and minerals biooxidation are natural 
outcroppings of sulfide minerals, mined areas 
where sulfide minerals have been exposed to air, 
acidic hot springs (e.g., Yellowstone National 
Park, Iceland and New Zealand), and volcanic 
areas.

All microorganisms used in biomining have 
several things in common. They:

•	 Are single-celled organisms that multiply by 
simple cell division.

•	 Derive energy for growth and cell functioning 
by oxidizing1 ferrous iron (Fe2+).

 4 4 4 22
2

3
2Fe O H Fe H O+ + ++ + ® +  (6.1)

•	 and certain reduced sulfur compounds such as 
elemental sulfur (S°).

 S H O O H SO� + + ® ++ -
2 2 4

21 5 2.  (6.2)

•	 Obtain carbon for their cellular bodies from 
carbon dioxide (CO2) in the atmosphere.

•	 Require oxygen (O2) taken from the atmo-
sphere; O2 serves as the electron acceptor. 
Certain oxidized metals can also function as 
electron acceptors and this is discussed later.

•	 Need ammonium (NH4
+) and phosphate 

(PO4
3−) ions and certain trace elements as 

building blocks for amino acids, DNA, and 
other constituents. The trace elements required 
(Mg2+, K+, etc.) are often abundant in the ore 
or concentrate feedstock.

•	 Require a sulfuric acid environment to metab-
olize and multiply. The acidity should be less 
than pH 2.5 to ensure the metals of value that 
are being leached remain soluble in the leach 
solution and Fe2+ remains soluble and avail-
able as an energy source for the organisms.

Biomining microorganisms do not cause dis-
eases in humans, animals, or plants. They can’t 
survive in or on plants and animals, because their 
energy (food) source is inorganic and because 
they require a sulfuric acid environment.

Since the discovery in 1947 of Thiobacillus 
ferrooxidans (now Acidithiobacillus ferrooxi-
dans), many more microorganisms have been 
discovered that are also involved in metals extrac-
tion (Norris 2007; Olson and Clark 2004; 
Schippers 2007; Brierley and Brierley 2013). The 
microorganisms used in biological processing are 

1 Oxidation involves the removal of electrons from a sub-
stance. In biological processing, the microbes remove 
electrons from dissolved ferrous iron (Fe2+) converting it 
to ferric iron (Fe3+) and from elemental sulfur (S°) and 
other chemically reduced sulfur compounds converting 
them to sulfuric acid (H2SO4).
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often grouped within temperature ranges at which 
they grow and where they are found in the natural 
environment.

Ambient temperature microorganisms 
(Mesophiles): These cylindrical-shaped bacteria 
are about 1 μm long by 1/2 μm in diameter. They 
only metabolize and multiply from about 10 to 
40 °C. If the temperature is too low, these  bacteria 
become dormant. If the temperature exceeds 
45 °C the organisms, with some exceptions, die 
when their proteins coagulate. There is great 
diversity among the mesophilic bacteria that are 
active in industrial biomining applications. Some 
members of this group are Acidithiobacillus fer-
rooxidans, various species of Leptospirillum, 
Acidithiobacillus thiooxidans, and various 
Ferroplasma species, the latter being archaea2 not 
bacteria. Some of the mesophilic organisms only 
oxidize ferrous iron, some oxidize only reduced 
sulfur, while some oxidize both.

Moderately thermophilic (heat-loving) microor-
ganisms: There is not a precise temperature that 
divides the mesophilic microorganisms from the 
moderately thermophilic microbes, because 
some mesophilic microorganisms are thermo- 
tolerant and some moderate thermophiles are 
active at 25 °C. However, biomining organisms, 
whose optimum temperature is at or above 45 °C 
and actively function in the temperature range of 
40 °C to about 60 °C, are considered moderate 
thermophiles. Most moderate thermophiles die 
when the temperature exceeds about 65 °C. These 
microorganisms are similar to the “mesophilic” 
biomining bacteria, except they are somewhat 
larger in length—about 2–5 μm long. Some bac-
teria included in this grouping are Sulfobacillus 
thermosulfidooxidans and Acidimicrobium fer-
rooxidans. Like the mesophilic organisms, some 
moderate thermophiles oxidize iron and some 
oxidize sulfur.

2 Archaea, also called archaebacteria, are single-celled 
microorganisms that are genetically distinct from bacte-
ria. Archaebacteria evolved separately and are regarded as 
“living” fossils of an ancient group of organisms bridging 
the evolutionary gap between bacteria and eukaryotes, the 
latter being multicelled organisms (Biology Online 2014).

Extremely thermophilic archaea2: While similar 
in size (one μm in diameter) to bacteria, archaea 
have a different molecular organization. In the 
tree of life, archaea occupy the lowest branch and 
are extant members of an offshoot of primitive 
microbes. They have a spherical shape and char-
acteristically lack a rigid cell wall; rather the con-
tents of the single cell are enclosed by a 
membrane. These microbes, nevertheless, are 
extremely robust and grow and perform only at 
temperatures between 60 and 85 °C. Several 
archaea important in commercial biological pro-
cessing of sulfide minerals are Acidianus brier-
leyi, Sulfolobus metallicus, and Metallosphaera 
sedula.

In addition to the mesophilic, moderately ther-
mophilic, and extremely thermophilic microbes, 
there are a variety of other acid-loving microor-
ganisms present in biomining operations that use 
organic matter as their energy source. The exact 
role of these organisms in biological processing 
is unknown; however, it has been suggested that 
these organisms benefit biological processing by 
scavenging organic matter that may be toxic to 
the organisms using inorganics as energy sources 
(Johnson and Roberto 1997). Small amounts of 
organic matter are present in commercial opera-
tions from the death of microbes, from entrain-
ment of organic reagents used in mineral 
processing operations that precede the bioleach-
ing/minerals biooxidation step, and from ores 
that naturally contain organic matter.

Microorganisms in biological processing 
operations can be analyzed with varying success 
using several techniques. Counting cells under a 
microscope, even using stains, is unreliable 
because of difficulties in distinguishing microor-
ganisms attached to mineral particles and because 
dead cells can’t be differentiated from living 
cells. Cultivation techniques are not only labor 
intensive but also select for only a subset of the 
whole microbial community that is present. In 
recent years, nucleic-acid based molecular tech-
niques have been increasingly applied to identify 
and quantify microorganisms present in commer-
cial biological processing operations (Johnson 
and Hallberg 2007; Schippers 2007; Chávex 
et al. 2011). While these molecular techniques 
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have provided much new information about 
microbial diversity in biological processing oper-
ations, they are most applicable to determining 
the microbes present in the leach solutions and to 
those microorganisms that can be effectively 
“washed” from the mineral particles. Organisms 
firmly bound to mineral particles are not as suc-
cessfully identified or quantified as those in the 
leach liquor.

There are a number of factors that affect the 
performance of biological processing microor-
ganisms (Brierley and Briggs 2002).

Temperature: Temperature impacts biological 
processing by selecting for the group of microor-
ganisms that will predominate at a specific tem-
perature range.

pH: All microorganisms currently used in com-
mercial biological processing are acid-loving and 
perform best when the pH is between 1.2 and 2.3. 
Above pH 2.5 soluble ferric iron hydrolyzes 
(reacts with water) and precipitates from solution 
as various compounds. What this means in an 
operating plant is that the key microbial energy 
source (Fe2+) and the ferric iron product (Fe3+) of 
the microbial oxidation, which is the oxidant of 
sulfide minerals, becomes limited. The higher pH 
is also not favorable for the dissolution of metal 
cations, which may be the products of value, such 
as copper and zinc. The ultimate consequences of 
a pH that is too high in a commercial biological 
processing plant are a decline in PLS (pregnant 
leach solution) tenor for base metals and lower 
than anticipated extraction of precious metals.

Microorganisms are remarkably adaptable 
and slow changes in acidity and other operating 
parameters allow time for microbial populations 
to adapt to a range of adverse conditions without 
the loss of important members of the microbial 
population. Abrupt changes in pH and other con-
ditions will often result in the loss of microorgan-
isms in the biological process.

Oxidation-reduction potential: In biological pro-
cessing, oxidation-reduction potential (redox) is 
controlled by the ratio of ferrous iron (Fe2+) to 
 ferric iron (Fe3+) in the leach solution. The 

Fe2+:Fe3+ ratio selects certain microorganisms in 
an operating biological processing plant 
(Rawlings et al. 1999). For example, if the redox 
potential is low, because of increasing Fe2+ in 
solution relative to Fe3+, the bacterium, 
Acidithiobacillus ferrooxidans will predominate, 
because this organism has a faster growth rate 
than other iron-oxidizing microorganisms when 
an abundance of its ferrous iron energy source is 
available. However, as the redox potential 
increases due to a lower Fe2+:Fe3+ ratio, 
Leptospirillum ferrooxidans will predominate, 
because these organisms have a higher affinity for 
Fe2+ than does A. ferrooxidans; in other words, L. 
ferrooxidans will oxidize available Fe2+ before A. 
ferrooxidans. A. ferrooxidans is also more sensi-
tive to inhibition from high concentrations of Fe3+ 
in solution. Therefore, in a stirred-tank reactor, in 
which the redox potential remains relatively con-
stant and is high, L. ferrooxidans is likely to be the 
predominating iron-oxidizing microorganism in 
the reactor.

Oxygen: Bioleaching microorganisms in com-
mercial plants require O2. O2 accepts the elec-
trons in the redox reactions catalyzed by the 
microorganisms. The surest way to cause a pro-
duction problem in a biological processing oper-
ation is to limit O2. Getting air into the circuits 
and distributing it efficiently are significant engi-
neering challenges in the design of biological 
processing plants.

Nutrients: The leaching microorganisms have 
few nutritional requirements: PO4

3−, NH4
+, and a 

few trace elements. Trace elements, such as Mg2+ 
and K+, are generally present in sufficient quanti-
ties from the degradation of rock in the acid 
leach. PO4

3−, NH4
+, and K+ are added to stirred- 

tank biological processing operations (Brierley 
and Briggs 2002).

Carbon dioxide: Microorganisms require carbon 
for synthesis of cellular components. The 
microbes used in biological processing of sulfide 
ores and concentrates obtain carbon from atmo-
spheric CO2 and convert this to cellular constitu-
ents, such as enzymes, by chemical reduction of 
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the CO2 in a complex metabolic pathway. 
Microorganisms expend considerable energy in 
assimilation of this carbon, called “carbon fixa-
tion”. CO2 is generally available from the air or 
from the acid neutralization of limestone added 
for pH control in stirred tank bioreactors. CO2 
limitation in heaps can occur, if the ore has little 
or no carbonate mineralization or CO2 consump-
tion by the microbial population is high.

Energy (food) source: Microorganisms used in bio-
logical processing of sulfide ores and concentrates 
require an energy source and that energy source is 
ferrous iron (Fe2+) for the iron-oxidizing microbes 
and chemically reduced sulfur  compounds, such as 
S°, for the sulfur-oxidizing microorganisms.

Microorganisms obey the laws of thermody-
namics; they do not perform any oxidation reac-
tions that are not thermodynamically possible. 
Microbes are also referred to as “catalysts” 
because they speed up certain reactions. For 
example, the oxidation of Fe2+ to Fe3+ in an acid 
solution is extremely slow chemically; microor-
ganisms increase the rate of this oxidation by 
some 500,000 times (Lacy and Lawson 1970). 
The reason the organisms are so good at iron oxi-
dation is because they must oxidize a lot of it to 
obtain enough energy to fix CO2 and synthesize 
complex proteins, carbohydrates, DNA, etc.

Salinity: The microorganisms involved in biole-
aching are relatively intolerant to the chloride ion 
(Cl−). The diversity of the population as well as 
rates of ferrous iron oxidation are negatively 
affected at Cl− concentrations greater than about 
3–4 g/L (Gahan et al. 2009). Attempts to adapt 
the biological processing microorganisms to 
higher Cl− concentrations have been unsuccessful 
(Lawson et al. 1995).

Soluble cation and anion metal/metalloid con-
centrations: Leaching microorganisms are toler-
ant to high concentrations of most heavy metal 
cations and can readily be adapted to even higher 
concentrations. In stirred-tank bioleach plants, 
heavy metal cation concentrations can exceed 20 
or 30 g/L; adaptation of the microbial culture to 
anticipated metal concentrations is an important 

design step. There are some cationic metals/met-
alloids, which can be toxic to the organisms. For 
these substances to be toxic, they must be solu-
ble. Mercury and silver, though toxic, are usually 
not serious problems, because silver has a low 
solubility in acidic leach solutions and mercury 
adsorbs to rock, mitigating its toxic effect. 
Arsenate (As5+) is not toxic, but arsenite (As3+) is. 
It is important, particularly in heap leach opera-
tions, that the redox potential is sufficiently high 
to ensure that, when arsenic-bearing minerals 
such as realgar (AsS), orpiment (As2S3) and arse-
nopyrite (FeAsS) are solubilized either through 
acid addition or oxidation, that As3+ is oxidized to 
As5+. Ferric iron effectively oxidizes As3+, but 
particular attention may be necessary in commer-
cial plant start-up to ensure adequate ferric iron is 
available to oxidize any As3+ in solution.
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                             H A
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ss O HV
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 (6.3)

Nitrate anion (NO3
−) presents toxicity issues; 

NO3
− concentrations in excess of 200 mg/L slow 

the rate of Fe2+ oxidation by the microorganisms. 
Like other anions, such as Cl−, the mechanism of 
toxicity is likely to be disruption of the cell mem-
brane and uncontrolled transport of NO3

− into the 
cell, which suggests that adaptation of the 
microbes to NO3

− may not be effective.
Fluoride (F−) can be problematic in bioleach-

ing, but not because the anion is toxic. Acidophilic 
microbes maintain an intracellular pH near neu-
tral, thus a huge proton gradient exists across their 
cell membranes when they grow in acidic envi-
ronments of pH 2 or less. This gradient accounts 
for the organism’s sensitivity to F−. Below pH 
3.45 fluoride (F−) occurs predominately as HF. HF 
crosses the cell membrane as an uncharged mole-
cule; once inside the cell HF disassociates, releas-
ing protons that acidify and kill the cell (Brierley 
and Kuhn 2010). It is important to note that F− 
toxicity levels are directly related to the presence 
of other ions in solution; fluoride complexes with 
aluminum and this complexation significantly 
reduces the toxicity of F− to the biomining micro-
organisms, because the molecule is too large to 
cross the cell membrane of the microorganism.
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Process reagents and materials: Process reagents, 
for example, flotation reagents, used in biological 
processing plants, must be tested to ensure they 
are not toxic to the microorganisms. Materials, 
such as rubber linings in tanks, leach pad liners, 
and all materials that microbes come in contact 
with in the process, should be evaluated in lab 
tests to ensure that there are no inhibitory effects.

Tailings waters, containing traces of cyanide 
(CN−), thiocyanate (SCN−), or cyanate (CNO−), must 
not be used as process water or make-up water to 
bioleach circuits. These agents are respiratory 
inhibitors that deactivate microbial enzymes, and 
if they enter the circuit, the result is significant 
loss in plant performance at best (Bell and Quan 
1997) and a total loss of microbial activity at 
worst. Obviously, the toxicity of cyanide has 
implications in the treatment of concentrates that 
have been previously cyanide leached.

Oils, greases, hydraulic fluids, water treatment 
chemicals, dust suppressors, and anti-scalant 
chemicals are common substances in metallurgi-
cal plants and are potential inhibitors to the leach-
ing microorganisms. Some of these agents are 
surfactants, which damage the organism’s cell 
membrane causing the membrane to break open. 
Little quantitative data are available on the exact 
concentrations that induce problems. Good 
housekeeping in metallurgical plants is necessary 
to avoid contaminating anything in which the 
microorganisms come in contact with (Brierley 
and Briggs 2002).

Biocides are used in stirred-tank reactor cool-
ing circuits to eliminate microbial contamination. 
For obvious reasons, biocides must never be 
allowed in any part of the circuit in which the 
biological processing takes place.

6.2.2  Chemistry of Biological 
Processing

6.2.2.1  Oxidation of Sulfide Minerals 
by Microbially Produced 
Ferric Iron

Ferric iron (Fe3+) is the reagent that oxidizes the 
sulfide minerals. The primary function of the 
microorganisms is to produce the strong oxidant 

(Fe3+) for the dissolution of the sulfide minerals 
(see reaction 6.1); the other role of the organisms 
is to oxidize the elemental sulfur (S°) (see 
reaction 6.2) that is usually a by-product of the 
ferric iron oxidation of the sulfide minerals. 
Metal ions go into solution as metal cations (e.g., 
Cu2+, Zn2+, Ni2+); iron is solubilized as Fe2+, 
which is the energy source for the microorganisms; 
the corresponding anion is SO4

2−. Reactions 6.4 
and 6.5 illustrate the two-stage oxidation of 
chalcocite (Cu2S), a common copper sulfide 
mineral found in supergene deposits.

 Cu S Fe Cu Fe CuS2
3 2 22 2+ ® + ++ + +

 (6.4)

 chalcocite blaubleibender covellite  

 CuS Fe Cu Fe S+ ® + ++ + +2 23 2 2 �

 (6.5)

The oxidation of chalcocite, as shown in reac-
tion 6.4, occurs at a relatively low redox potential 
(370 mV Ag/AgCl electrode; ~600 mV SHE3) and 
is kinetically fast. Because of this, many operators 
of copper sulfide leach operations consider the 
first mole of copper produced from Cu2S as an 
acid dissolution reaction. However, it is an oxida-
tion-reduction reaction, which consumes ferric 
iron and must be considered in the air requirement 
calculations in plant design, because the re-oxida-
tion of the resulting Fe2+ by the microbes requires 
oxygen (see reaction 6.1). The oxidation of Cu2S 
also produces CuS (reaction 6.4), often referred to 
as blaubleibender covellite, but is a member of a 
series of nonstoichiometric copper sulfides (e.g., 
dijurleite, Cu1.97S; digenite Cu1.8S; yarrowite, 
Cu1.12S, etc.) The oxidation of this “CuS” product 
(reaction 6.5) requires a much higher redox poten-
tial (650 mV Ag/AgCl electrode; ~870 mV SHE) 
than reaction 6.4 and “CuS” is kinetically slow to 
leach. In heap bioleaching of secondary copper 
sulfide ores, the slow rate of leaching of the “CuS” 
product is an important consideration in the 
design of the leach circuit. In both reaction 6.4 
and reaction 6.5, one of the reaction products of 
the oxidation is ferrous iron, which is then re-oxi-
dized to ferric iron by the iron- oxidizing microor-
ganisms (reaction 6.1). Another reaction product 

3 Standard Hydrogen Electrode.
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of the oxidation of “CuS” is elemental sulfur (S°), 
which is oxidized to sulfuric acid by sulfur-oxi-
dizing microorganisms present in the leach circuit 
according to reaction 6.2.

As noted for chalcocite and its oxidation prod-
uct “CuS”, sulfide minerals oxidize at different 
redox potentials and at different rates. For exam-
ple, sphalerite (ZnS) oxidizes rapidly at a rela-
tively low redox potential

 ZnS Fe Zn S Fe+ ® + ++ + +2 23 2 2�
 (6.6)

 Sphalerite  

Chalcopyrite oxidation (reaction 6.7) is ther-
modynamically favorable in an acidic ferric sul-
fate system with an oxidation-reduction potential 
of 427 mV (SHE) (Basson 2010); however, the 
dissolution of the mineral is severely limited. This 
has been widely attributed to passivation of the 
chalcopyrite surface (Warren et al. 1982). The 
passivation is only overcome at solution redox 
potentials of greater than 1000 mV (SHE) at low 
temperatures—redox potentials that are well 
above those achieved in hydrometallurgy and bio-
leaching operations—or by operating at tempera-
tures above 60 °C (Crundwell 2014). Crundwell 
(2014) describes the mechanisms of chalcopyrite 
dissolution in terms of the semiconductor proper-
ties of chalcopyrite and demonstrates how these 
mechanisms explain the observed passivation. 
Crundwell’s (2013, 2014) theory differs radically 
from other proposed models of chalcopyrite pas-
sivation (Munoz et al. 1979; Dutrizac 1989; Hackl 
et al. 1995; Stott et al. 2001; Tshilombo et al. 
2002; Parker et al. 2003; Majuste et al. 2012, 
2013) and provides reasons for slow rates of dis-
solution irrespective of reaction products formed 
on the chalcopyrite surface.

 CuFeS Fe Fe Cu S2
3 2 24 5 2+ ® + ++ + + �

 (6.7)

 Chalcopyrite  

To achieve the oxidation-reduction potential 
necessary to oxidize the targeted sulfide miner-
als, there must be sufficient iron in solution; 
1 g/L or less of total iron in solution is enough to 
achieve a redox potential sufficiently high to 

 oxidize most sulfide minerals, assuming most of 
the iron is efficiently maintained in the ferric 
form by the microorganisms (Wadsworth 1975). 
To avoid a decrease in the redox potential, plant 
conditions must be favorable for sustained oxida-
tion of Fe2+ by the microorganisms. The only way 
to maintain the high redox potential is to ensure 
that everything the organisms require (O2, CO2, 
acidic conditions, nutrients, optimum tempera-
ture conditions, etc.) is optimized. This is nor-
mally achievable in stirred-tank reactors, but 
realizing optimum conditions for the organisms 
in dump (stockpile) and heap leach operations is 
much more difficult and usually not consistently 
attainable.

Precious metals (primarily gold and silver) 
are often associated with sulfide minerals, prin-
cipally pyrite (FeS2) and arsenopyrite (FeAsS). 
If the precious metals are occluded (embedded) 
within pyrite, arsenopyrite, or some other sul-
fide minerals, the ore or concentrate is referred 
to as being “sulfidic-refractory”. In such 
sulfidic- refractory gold ores and concentrates 
the gold grains can be submicron in size. To 
effectively recover the precious metals, the sul-
fides must be oxidized. In biological processing, 
this oxidation is accomplished by microbially 
produced Fe3+ that oxidizes the pyrite and arse-
nopyrite accordingly,

FeS Fe H O Fe SO H2
3

2
2

4
214 8 15 2 16+ + ® + ++ + - +

 (6.8)

 Pyrite  

 FeAsS Fe As Fe S+ ® + ++ + +5 63 3 2 °
 (6.9)

 Arsenopyrite  

As3+ is oxidized by Fe3+ to As5+ (see reaction 6.3).
The oxidation of sulfide ores and concentrates 

by the microbially produced ferric iron is a heat- 
generating reaction. Different sulfide minerals 
have differing heats of reaction; pyrite, when 
oxidized, releases the most heat among the com-
mon sulfide minerals (−12,884 kJ/kg of FeS2). In 
commercial stirred-tank reactor plants employ-
ing biological processing heat generation 
must be considered in the engineering design. 
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For example, when biologically processing 
sulfidic- refractory gold concentrates in which 
the gold is locked in pyrite, a large amount of 
heat is generated and the reactors must be cooled. 
A critical consideration is the design of the cool-
ing circuit.

6.2.2.2  Microbial Attachment 
of Mineral and Biofilm 
Formation

Most microorganisms present in biological pro-
cessing systems are firmly attached to the mineral 
surfaces while other microorganisms are sus-
pended in the aqueous phase. Microbes initially 
attach via electrostatic interaction and the attach-
ment is preferentially to sulfur-rich zones and dis-
location sites such as cracks, crystal defects, and 
mineral grain boundaries (Fig. 6.1) (Sand et al. 
1999; Noël et al. 2010). Once attached the micro-
organisms begin producing a biofilm, which is an 
extracellular polymer principally composed of 
sugars and lipids. The biofilm eventually consists 
of a community of different microbes involved in 
the biological processing of sulfidic ores and con-
centrates. The polymer constituents in the biofilm 
complex and concentrate large amounts of ferric 
iron creating a reaction zone between the biofilm 

and the mineral sulfide, which significantly 
enhances the dissolution of the metals beneath the 
biofilm (Sand and Gehrke 2006; Zhang et al. 
2014). The biofilm also serves to protect the 
microbial community from inhibitory conditions 
that may exist in the bulk solution.

6.3  Evolutionary 
and Revolutionary 
Developments in 
Commercial-Scale Biological 
Processing of Sulfide Ores 
and Concentrates

The stage was set in the mid- to late-1950s for the 
first commercial application of biological process-
ing of sulfide ores, when technical papers were 
published about the newly discovered bacterium 
(Colmer and Hinkle 1947) Thiobacillus ferrooxi-
dans (now Acidithiobacillus ferrooxidans) and its 
ability to facilitate oxidation of pyrite (Colmer 
et al. 1950; Temple and Colmer 1951) and other 
metal sulfides such as chalcocite (Cu2S), covellite 
(CuS), chalcopyrite (CuFeS2), and molybdenite 
(MoS2) (Bryner et al. 1954; Bryner and Anderson 
1957). The first commercial applications were 
dump (stockpile) bioleaching of submarginal 
grade, ROM (run-of-mine) copper sulfide ores. 
These applications led to further developments, 
which ushered in the contemporary era of biologi-
cal processing. This section traces technical devel-
opments from the early years of commercial-scale 
biological processing through today’s engineered 
heaps for treating sulfide ores and continuous 
stirred-tank reactors (CSTRs) for biological pro-
cessing of concentrates.

6.3.1  Early Practices and 
Developments in Dump 
(Stockpile) Bioleaching 
of ROM Copper Ores

The first patent for commercial use of what 
became known as bioleaching issued in 1958 and 
was assigned to Kennecott Utah Copper 
(Zimmerley et al. 1958). Kennecott’s Bingham 
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Fig. 6.1 Atomic force microscopy image of 
Acidithiobacillus ferrooxidans attached along a pyrite 
grain boundary (Noël et al. 2010)
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Mine near Salt Lake City, Utah (USA) employed 
the bioleach process at its ROM, copper dump 
leach operation. This biological process entailed 
stacking the ROM material in piles to depths of 
100 m or more, applying dilute sulfuric acid over 
the ore piles, allowing the naturally occurring 
microorganisms to develop, and recovering the 
dissolved copper from the acidic solution that 
emerged from the bottom of the pile. The dis-
solved copper was recovered by cementation on 
iron, as described centuries earlier by King 
Liu-An and Paracelsus (Rossi 1990).

The dump leach operations at Bingham 
Canyon demonstrated to the copper industry that 
money was to be made by leaching submarginal 
grade ores. By the mid-1960s many copper oper-
ations were leaching submarginal grade, ROM 
ores in dump leach operations (Sheffer and Evans 
1968). However, little was done initially with 
these ROM dump leach operations to enhance 
microbial activity. Most operations impounded 
acidic, ferrous iron-rich solutions from the 
cementation plant on the top surface of the dump 
where bacteria oxidized the ferrous iron to ferric 
iron. The ferric iron solutions in these impound-
ments flooded the dump material. This flood/
leach method severely limited the amount of oxy-
gen reaching the bacteria in the ore, because the 
solution filled the voids in the ore pile preventing 
air ventilation of the dump material. As a conse-
quence, the oxygen-starved microbial popula-
tions were limited to the first few feet near the top 
of the dump (Bhappu et al. 1969) where some air 
was available.

Ironically, deliberate aeration of copper sul-
fide leach operations had been employed possi-
bly as early at the eighteenth century at Rio Tinto 
in Spain (Jones 1905; Schlitt 2006). Ore was 
piled on top of horizontal stone flues that were 
connected to vertical chimneys surrounded by 
ore; this system ventilated the ore and increased 
copper leaching. In 1922, the Ohio Copper 
Company, which then operated Bingham Canyon, 
Utah, conducted underground (in-place) leaching 
of remnant block-caved, low-grade, copper sul-
fide ore. Rather than flooding the ore pile, solu-
tion was applied sparingly so only a thin film of 
solution flowed over the ore fragments, which 

prevented the voids in the ore pile to fill with 
solution. Large fans were placed in the galleries 
below the ore to ventilate the material, filling the 
void space in the ore pile with air (Anderson and 
Cameron 1926; Schlitt 2006). These measures 
increased the temperature in the ore pile as the 
microbial population produced ferric iron, which 
oxidized the sulfide minerals generating heat. 
Copper recovery also improved. However, the 
benefits of sparingly irrigating the ore and using 
aeration seemed to have been forgotten or ignored 
by dump leach operators and metallurgists when 
the ROM leaching process was reintroduced in 
the late 1950s and early 1960s.

By the 1970s, with increasing publication of 
research on the role of bacteria in dump leaching 
and the oxygen requirements of these microor-
ganisms (Beck 1967), dump leach operators and 
metallurgists realized the importance of getting 
air into the dumps. The Anaconda Company 
experimented with “finger dumps” at Butte, 
Montana to increase exposure of the sides of the 
ore piles to the atmosphere (Robinson 1972). 
While effective in improving dump ventilation, 
finger dumps were somewhat impractical, 
because of the increased area needed for the ore 
piles. Pre-wetting of ROM dumps with acidified 
water, as the dumps were being built, was also 
initiated at Butte, Montana by the Anaconda 
Company (Schlitt 2006) and much later imple-
mented during construction of the leach dumps at 
Toquepala in southern Peru (Gonzales and Nees 
1996). At Butte, the acid-conditioned dumps 
were also aerated using horizontal and angled 
holes drilled into the face of the dump and cased 
with pipe through which air was blown. During 
the first leach cycle following pre-wetting and 
aeration, the copper tenor at Butte was twice that 
normally noted for similar dumps. The ultimate 
copper recovery was about 15 % greater than was 
typically obtained (Schlitt 2006). Other dump 
leach operations followed this practice of forced 
aeration with some variations including drilling 
and casing of vertical holes in assorted patterns. 
These efforts, which did improve copper recov-
ery, have been summarized by Schlitt (2006). 
However, paradoxically none of these aeration 
tests performed in the 1970s led to widespread 
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commercial use of forced aeration in dump leach 
operations over the ensuing 40 years.

The value of leach/rest cycles was also recog-
nized early as a technique to promote improved 
copper extraction from ROM dumps. Rest cycles 
allow hold-up solutions in dumps to drain letting 
air fill the voids with subsequent oxidation of sul-
fide minerals by the microbially generated ferric 
iron; the sulfide oxidation heats the gases in the 
interior of the dump. The increased buoyancy of 
the heated gases induces convective air flow from 
dump faces. Leach cycles wash out dissolved 
copper and other soluble ions and add moisture to 
the ore bed to enhance microbial activity 
(Brimhall and Wadsworth 1973).

The development of solvent extraction tech-
nology for the recovery of copper from acidic 
leach solutions (pregnant leach solution, or PLS) 
coupled with electrowinning to produce cathode 
copper revolutionized the copper industry in the 
mid-1960s (Kordosky 2002). ROM dump leach 
plants converted from cementation to solvent 
extraction/electrowinning (SX/EW), which 
improved leaching practices by significantly 
reducing the amount of iron that was being added 
to the ore pile. Cementation had added large 
amounts of soluble iron to the leach solution

 
Cu aq Fe s Cu s Fe aq2 2+ +( ) + ( ) ® ( ) + ( )

 
(6.10)

and when this iron was oxidized by the bacteria, 
jarosite, a basic hydrous ferric sulfate compound, 
often precipitated in the impoundments on the 
top surfaces of the dumps that were initially used 
for the flooded leach process
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When new ore was placed, often by truck dump-
ing, where the impoundments had been, the sur-
face became compacted eventually resulting in 
impermeable layers within the dump where leach 
solutions would collect. This caused saturation of 
portions of the dump restricting aeration and also 
resulting in poor contact of the ore with the leach 
solution below the compacted zones. Dump leach 
operations, now generally referred to as “stockpile”  

leaching, usually remain active for many decades. 
Submarginal grade materials are continually being 
added to stockpiles as mining of huge open-pit 
operations continues creating massive volumes of 
material under leach. Consequently, some stock-
piles under leach today still experience compac-
tion and saturation problems resulting from poor 
practices carried out decades earlier.

6.3.2  Innovations in Heap 
Bioleaching/Biooxidation 
of Coarsely Crushed 
Sulfide Ores

6.3.2.1  Copper Sulfide Heap 
Bioleaching

The revolutionary innovation of solvent extrac-
tion/electrowinning (Kordosky 2002) in the mid- 
1960s allowed copper companies to leach copper 
oxide ores in ROM and coarsely crushed ore heaps 
and produce a high quality cathode copper prod-
uct. The leaching of oxide ores is accomplished by 
irrigating with dilute sulfuric acid. Oxide ore min-
erals do not require an oxidation step and copper 
recovery is typically excellent. However, heap 
leaching of copper sulfide ores is another story, 
because an oxidation step is required.

The “thin layer” (TL) acid cure process, origi-
nally developed for copper oxide ores, was 
adapted for bacterial ferric iron leaching (termed 
“BTL”) of mixed oxide/sulfide ores by Sociedad 
Minera Pudahuel (SMP), which applied the pro-
cess at the company’s Lo Aguirre mine in Chile 
(Bustos et al. 1991). The BTL process resulted in 
good copper recovery from both oxide and sulfide 
ores. The BTL process was soon implemented by 
Compañia Minera Quebrada Blanca and Cerro 
Colorado, both in Chile, to leach secondary cop-
per sulfide ores, containing chalcocite and 
blaubleibender covellite, in the mid-1990s (Bustos 
et al. 1993). At Quebrada Blanca, ore is crushed 
in three stages to 100 % minus 9 mm, heated to 
increase the ore temperature, agglomerated with 
sulfuric acid and 85 °C water, and conveyed to the 
stacking area. The ore is stacked to form 6–6.5 m 
high lifts. After field trials at Quebrada Blanca in 
the mid-1990s demonstrated enhanced copper 
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recovery with forced ventilation, aeration lines 
were placed under each lift to provide oxygen for 
the bacteria. Low-pressure fans were used to ven-
tilate the heap. Shade cloth was placed on the top 
of the heap to reduce evaporative cooling. After 
the lift was effectively leached, the top surface 
was compacted, drain lines were placed on the 
compacted surface, and air lines were strategi-
cally placed above the drain lines in the ore to 
avoid solution from entering the air lines as a 
result of phreatic head. Another lift was stacked 
and leached (Schnell 1997). Similar practices 
were employed by Girilambone Copper Company 
at the company’s copper heap leach operation in 
New South Wales, Australia (Schlitt 2006).

Heap bioleaching of crushed secondary cop-
per (supergene) ores is regarded today as a con-
ventional process given the number and size of 
these facilities and the overall contribution to 
global copper production (Brierley and Brierley 
1999, 2013). Copper recovery for these coarse 
ore, secondary heap leaching plants is typically 
in the 80–90 % range of “recoverable copper”, 
which is defined as the copper associated with the 
oxide and the supergene mineral assemblages 
(Scheffel 2006); “recoverable copper” does not 
include copper associated with the hypogene 
mineral assemblages. Secondary copper heap 
bioleaching is often described as a flexible and 
simple technology; however, this descriptor is 
misleading, because notwithstanding the general 
success of these plants, operating issues arise. 
Identifying and resolving these issues involve a 
multidisciplinary approach, because the prob-
lems are almost never the result of a singular fac-
tor (Brierley 2014).

Many problems encountered in secondary cop-
per ore heap bioleaching are attributable to insuf-
ficient knowledge of the resource over life-of- mine 
(Ausburn and Baum 2014; Milczarek et al. 2014). 
The ore body may not have been adequately char-
acterized from geological, mineralogical, chemi-
cal, metallurgical, and biological perspectives. 
Examples of insufficient characterization that 
result in later processing problems are

•	 Inadequate evaluation of the matrix rock for 
its acid consumption properties

•	 Lack of detailed mineralogical examination 
(Ausburn and Baum 2014) to identify ore 
minerals and expose potential locking of ore 
minerals within unreactive matrix rocks

•	 Insufficient chemical, metallurgical, and bio-
logical testing of representative samples to 
correlate ore mineralogy data with ore reactiv-
ity, quantify reagent consumption, assess 
leach kinetics of each copper sulfide mineral, 
estimate heat balance, confirm oxygen 
requirements, and assure microbial viability 
and activity in the ore and leach solution over 
time (du Plessis 2014)

•	 Failure to sufficiently evaluate the ore over 
life-of-mine and the water source for poten-
tially toxic constituents (e.g., chloride, fluo-
ride and nitrate) using appropriate column 
tests to assess dissolution of these constituents 
over time and their effect on the microorgan-
isms (Brierley and Kuhn 2010)

•	 Failure to adequately test hydrologic charac-
teristics and physical integrity of the ore that 
affect solution and air permeability and estab-
lish heap height, method of heap leaching 
(multi-lift, single lift with between lift liner, 
on-off pad), and aeration and irrigation strate-
gies (Milczarek et al. 2014)

Once the heap bioleach is in operation, solving 
problems that may have been averted or at least 
diminished somewhat by rigorous upfront charac-
terization is challenging and necessitates consid-
eration of the chemical, microbiological, 
metallurgical, and hydrological factors. Some of 
the most frequently encountered problems in sec-
ondary copper heap leaching are inadequate per-
meability (Milczarek et al. 2014) of the ore bed to 
air and solution caused by excessive fine particles 
and/or clays in the ore when stacked, poor 
agglomeration of the ore, compaction by truck- 
stacking (when used), decrepitation of the ore by 
the leach solutions, and over-irrigation once the 
heap is stacked. These factors lead to poor wetting 
of the ore, preferential flow paths within the heap, 
impermeable layers, and solution saturation of the 
void spaces in the heap that displaces air. The 
result is inadequate distribution of microorgan-
isms in the heap, poor microbial population devel-
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opment, and slow rates of microbial iron, and 
sulfur oxidation. The manifestation is declining 
redox potentials as ferric iron consumption out-
paces the rate of microbial iron oxidation, decreas-
ing copper tenor in the PLS, inability to leach the 
covellite reaction product of chalcocite leaching 
as the redox potential declines, and ultimately 
poor overall copper recovery (Brierley 2014).

Suboptimal temperatures in secondary copper 
sulfide heaps—particularly those located at high 
altitudes, such as the Andes Mountains, and the 
high deserts in temperate climates—are also a 
common problem. Heap temperatures can range 
from 10 °C or less in the winter to 20 °C or 
slightly higher in the summer. The microbial oxi-
dation rate of iron slows as the temperature 
declines resulting in decreased dissolution of 
copper sulfide minerals with the consequence of 
less copper production. Sulfide oxidation is an 
exothermic reaction with the amount of heat gen-
erated dependent on which sulfide mineral is 
being oxidized, the amount of sulfide oxidized, 
and the rate at which it is oxidized. Although 
pyrite oxidation generates the greatest amount of 
heat of the sulfide minerals common to second-
ary copper sulfide deposits, pyrite content is fre-
quently low in secondary copper sulfide ores, 
particularly in supergene ores, and the pyrite that 
is present often doesn’t oxidize to any great 
extent. A probable reason for its non-reactivity is 
electrochemical; pyrite, unless it is amorphous or 
has substitutions in the crystal lattice that desta-
bilize the structure, typically has a higher rest 
potential4 than chalcocite and covellite and will 
not oxidize until the minerals with the lower rest 
potentials have oxidized. By the time the redox 
potential of the leach solution in the heap is suf-
ficiently high to oxidize pyrite, the recoverable 
copper has been extracted. Some operations use 
thermal covers (Petersen and Dixon 2007) to 
minimize heat loss from the top surface of the 

4 The rest potential of a mineral is that electro-potential at 
which the mineral will undergo corrosion. Minerals can 
be arranged in a galvanic (electro-potential) series for a 
specific electrolyte, such as acidic ferric sulfate. The more 
noble (resistant to corrosion/oxidation) the mineral, the 
higher it is in the galvanic series.

heap due to evaporation and night-time radiation, 
to take advantage of solar heating, and to capture 
the heat that is generated from the oxidation of 
the copper sulfide minerals. This technique 
assists in raising the heap temperature a few 
degrees Celsius. Other operators have used waste 
heat from onsite power generation to warm 
agglomerated ore being placed on the heap 
(Schnell 1997) and submerged combustion units 
to heat raffinate. Benefits of ore and raffinate 
heating are difficult to quantify, however. 
Excessive irrigation is a contributing factor to 
heat loss in a heap (Dixon 2000). Over-irrigation 
causes heat loss to the PLS and can diminish the 
rate of oxidation of sulfide minerals, because of 
potential heap saturation that results in exclusion 
of air from void spaces within the ore bed. 
Excessive irrigation is particularly a problem in 
operations that have been acid leaching oxide 
ores and are transitioning to secondary copper 
sulfide ores. The dissolution of copper from 
oxides is dependent on delivering acid to the ore 
mineral, so the irrigation and solution application 
rates are important components of the process. 
Whereas, the leaching of copper sulfide minerals 
is little affected by the rate of irrigation or solu-
tion application rate and over application and irri-
gation will eventually decrease solution copper 
grades (Bartlett 1998). Slower application rates 
and implementing extended rest cycles, which 
allow heat to build in the heap, with controls to 
ensure that the heap does not dry out, aid in miti-
gating the issues associated with cool heap 
temperatures.

Aeration of secondary copper heaps was first 
evaluated in the mid-1990s (Schnell 1997; Walsh 
et al. 1997; James and Lancaster 1998). Today, 
many but not all, secondary copper heap leach 
operations employ forced aeration of the heaps 
(Scheffel 2006). The purpose of forced aeration 
is to provide oxygen and CO2 for the microor-
ganisms to maximize the population and enhance 
oxidation rates. The need to aerate is based on 
multiple variables across the multidisciplinary 
areas pertinent to heap bioleaching. Heap con-
struction is a significant factor; for example, if 
the heap is a valley fill with only one sloping 
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face open to the atmosphere, forced aeration 
may be a necessity. However, forced aeration 
may not be necessary, if the heap faces are well 
exposed to the atmosphere, the ore is quite per-
meable and the sulfide content of the ore is low, 
because convective air flow into the heap may be 
sufficient to sustain good microbial activity. The 
amount of time to oxidize the copper sulfide 
minerals may be longer than if forced aeration is 
used, but this may not be an important consider-
ation, depending on pad space, heap design, and 
other factors (Scheffel 2006). Column testing 
with and without forced aeration may or may not 
predict whether forced aeration is required. 
Often sufficient air enters a typical metallurgical 
column test so the leach results from aerated col-
umn tests may be similar to those of non-aerated 
columns. Onsite pilot tests, which are not always 
completed for secondary copper sulfide ores, 
may also show forced aeration is unnecessary, 
because pilot tests are often of small tonnage and 
the heap may be exposed on the four sides to the 
atmosphere.

Despite some continuing challenges with 
commercial-scale leaching of secondary copper 
ores, the technology is the springboard to the 
more difficult undertaking of low-grade primary 
copper ore5 bioleaching. It is imperative that 
technology is developed to economically and 
effectively leach low-grade primary copper ores, 
because 80 % of the world’s copper resources is 
low-grade chalcopyrite; the grade of this resource 
is typically too low to concentrate and can’t be 
economically processed other than by ROM 
stockpile or coarsely crushed heap leaching 
(Robertson et al. 2005). Meanwhile, stockpiles of 
ROM, chalcopyrite-bearing material mount at 
some mining operations as companies seek ways 
to retrofit existing stockpiles with technologies to 
enhance copper extraction and large deposits of 
low-grade primary copper sulfide ores have been 
discovered (du Plessis 2014).

5 Chalcopyrite and enargite are “primary” copper minerals 
and are found in ore deposits of various geological ori-
gins. These primary minerals have not undergone altera-
tion by weathering and are characterized as being 
refractory (difficult to leach).

6.3.2.2  ROM and Crushed Ore Heap 
Bioleaching of Low-Grade 
Primary Copper Ores—An 
Imperative Emerging 
Technology

It was readily apparent in the early 1960s that 
copper extraction from chalcopyrite-bearing ores 
was very poor, which led to active research pro-
grams on low-grade chalcopyrite leaching in the 
1960s and 1970s (Dutrizac et al. 1969; Wadsworth 
1972; Dutrizac and MacDonald 1974). 
Unfortunately research efforts precipitously 
declined in the late 1970s and early 1980s with 
the drop in world copper consumption and ensu-
ing recession of the early 1980s (OTA 1988). 
With revival of the copper industry in the late 
1980s, research efforts directed toward hydro-
metallurgical processing of copper sulfide miner-
als and chalcopyrite, in particular, gained 
momentum. However, much of the research was 
directed toward concentrates (Watling 2006). 
Research on bioleaching low-grade primary cop-
per ores was seemingly a low priority. More than 
two decades have elapsed since the resurgence of 
the copper mining sector that stimulated research, 
but there is meager information in the published 
literature on bioleaching primary copper ores. As 
pointed out by Watling (2013), published studies 
on primary copper ores too often suffer from 
inadequate data on the mineralogy and chemistry 
of the samples used and the test work methodol-
ogy to be of significant value.

What is known is that chalcopyrite ores tend to 
leach slowly and incompletely in an acidic ferric 
sulfate leaching solution at ambient temperature; 
about 10–20 % of the copper may be extracted 
before leaching ceases (Watling 2013). The slug-
gish nature of chalcopyrite bioleaching has been 
attributed to the mineral’s crystalline structure 
and the changes it undergoes during acidic ferric 
sulfate leaching and/or passivation of the mineral 
in the potential range of approximately 640–
840 mV (SHE) (Watling 2013). Three hypotheses 
have been proposed for the nature of the passivat-
ing layer: formation of a sulfur layer (Dutrizac 
1989; Munoz et al. 1979); formation of copper 
polysulfide (Hackl et al. 1995; Tshilombo et al. 
2002; Majuste et al. 2012); and precipitation of 
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iron compounds (Parker et al. 2003). There is lit-
tle question whether these products form during 
chalcopyrite bioleaching; the debate centers on 
whether the slowing and ceasing of chalcopyrite 
leaching are, in fact, the result of the formation of 
any of these over-layers (Crundwell 2013, 2014; 
Holmes and Crundwell 2013). Copper leaching is 
enhanced when pyrite is in direct contact with 
chalcopyrite due to the galvanic interaction 
between the two minerals (Nazari 2012) as chal-
copyrite corrodes more rapidly than the pyrite. 
However, pyrite from different sources affects the 
rate of chalcopyrite leaching differently; some 
exert no influence while others, particularly pyrite 
containing silver, significantly enhance the rate of 
chalcopyrite leaching (Nazari 2012).

Research in the 1970s showed the thermo-
philic microorganisms, especially the extremely 
thermophilic archaea, improved the leaching of 
chalcopyrite ore (Brierley 1977) and the presence 
of these microorganisms accelerated galvanic 
leaching of the ore in the presence of pyrite 
(Berry et al. 1978). This research led to a large 
(6.4 t) long-term (2165 days) column leach test to 
evaluate bioleaching of a minus 15 cm, 
chalcopyrite- bearing ore (0.77 % Cu) starting at 
ambient temperature followed by 50 °C and 
finally 60 °C (Madsen and Groves 1983). Copper 
extraction rate increased substantially when the 
archaea were established in the column at 60 °C, 
however, the rate was not sustained past about 
120 days. The decline in copper leach rate was 
attributed to the depletion of exposed chalcopy-
rite minerals in the ore, since the ore had been 
under leach for over 2000 days (Madsen and 
Groves 1983). Since 1983, research on ores and 
concentrates has confirmed chalcopyrite leaching 
is significantly enhanced using archaea at 
60–82 °C (Watling 2013).

Many of the ROM stockpile bioleaching oper-
ations that have been operational for decades do 
contain chalcopyrite (Sheffer and Evans 1968; 
Gonzales and Nees 1996; Neira and Pearson 
2012) and have in the past and continue to dem-
onstrate profitable copper recovery. The percent-
age of copper leached from chalcopyrite in ROM 
stockpile operations has not been well docu-
mented over the decades often because the 

 composition of the material placed on the early 
dumps was not carefully analyzed. Nevertheless, 
documented leaching of chalcopyrite occurs in 
some ROM stockpile operations, such as 
Toquepala in southern Peru, where about 80 % of 
the copper is present as chalcopyrite (Gonzales 
and Nees 1996) and Pinto Valley operations in 
Arizona (Neira and Pearson 2012). What charac-
terizes ROM heap (dump) operations reporting 
chalcopyrite leaching? As early as the mid-1960s 
temperatures of 60–80 °C were documented in 
some low-grade dump leach operations with 
chalcopyrite ore and an increasingly rapid rate of 
copper solubilization at about 45 °C was noted in 
these operations (Beck 1967). Beck attributed 
this to chemical reactions rather than to bioleach-
ing, because thermophilic bacteria and archaea 
were not known at the time and bacterial oxida-
tion with the known mesophilic bacteria had been 
shown to be minimal at 40–50 °C. Increasing 
temperature in stockpiles is attributable to heat 
generation from pyrite oxidation, which will 
occur after leaching of sulfide minerals with 
lower rest potentials, have oxidized.

A pilot test at Kennecott’s Bingham Canyon, 
Utah (now Rio Tinto Kennecott), initiated in 
1995 and concluded in 1999, was a ROM heap 
with two lifts totaling 1.4 million t of ore grading 
0.26 % Cu of which 0.17 % Cu (or about two- 
thirds of the copper) was associated with chalco-
pyrite. Details of the heap operation and 
performance have been published (Ream and 
Schlitt 1997; Schlitt and Ream 1997; Esdaile 
et al. 1999). Pyrite oxidation occurred, which 
maintained the temperature some 30 °C above 
ambient. Forced aeration was evaluated to see 
how it would affect oxygen levels in the heap; 
aeration was used on approximate 3 weeks cycles 
followed by a 2.5 week interlude. Overall, forced 
aeration didn’t appear to significantly affect the 
copper leach rate. The elevated temperatures in 
the heap resulting from pyrite oxidation appeared 
to enhance natural convective airflow. While tem-
peratures were independent of forced aeration, 
irrigation did influence the temperature. Modeling 
suggested that flushing water through an area of 
the heap would cool it down. It was also reported 
(Esdaile et al. 1999) that airflow rates increased 
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during rest periods (no irrigation) and decreased 
when the area was under irrigation, suggesting 
that even a low irrigation rate causes some air- 
filled void spaces to flood. Copper recovery in the 
second lift approached 25 % in 13 months of 
leaching, although this recovery did include a 
contribution from the original lift.

At the Pinto Valley operation in Arizona 
(USA), low-grade (0.15 % Cu) chalcopyrite ore 
with a pyrite content of 0.7–1 % is bioleached in 
ROM stockpiles varying in depth from 15 to 
182 m. Some 300 million tonnes of ore are under 
leach with an effective leach area of 144 ha. 
Copper recovery is 28.3 %. Three-dimensional 
modeling and a geophysical survey of the stock-
piles have been used to identify areas of low per-
meability and solution saturated areas. 
Temperature and oxygen monitoring and a geo-
technical site investigation have been conducted 
to better understand conditions within the stock-
pile that promote chalcopyrite leaching. Based on 
data from the characterization, improvements in 
irrigation have been made by skimming about 
1 m off the top of the stockpiles to increase per-
meability and by acid injection to selected stock-
piles where new ore has been added. Pyrite 
oxidation was found to be most effective near 
dump faces exposed to the atmosphere and this 
coincides with areas where the highest dump 
temperatures are recorded, as would be expected. 
Long rest periods and short leach cycles have 
also allowed temperatures in the dump to increase 
and the corresponding increase in oxygen with 
this regime has increased chalcopyrite leaching. 
The results of the characterization at Pinto Valley 
have the company looking to employ forced aera-
tion of new dumps to improve performance 
(Neira and Pearson 2012).

Engineered heap technology was imple-
mented in early 2006 at the Morenci, Arizona 
operations of Freeport McMoran Copper and 
Gold, Inc., with the objective of shortening the 
time scale required for chalcopyrite leaching by 
increasing the temperature in ROM stockpiles 
(Ekenes and Caro 2012). The engineered stock-
piles, comprising an area of 0.5 million square 
meters, were equipped with aeration lines and 
monitoring wells and the stockpiles were drilled 

periodically to obtain solid samples for mineral-
ogical and chemical analyses. The engineered 
stockpiles were initially inoculated with native 
bacteria via bio-augmented raffinate; bio- 
augmentation ceased after a period of time. The 
first measurable change observed was an increase 
in iron concentration in the PLS. The temperature 
of the engineered stockpiles increased over time 
and with placement of additional lifts the stock-
pile temperature was no longer adversely affected 
by seasonal temperature changes. The highest 
observed temperature in the stockpiles after 
about 2 years of operation and three lifts was in 
the 50–55 °C range. Pyrite oxidation was evident 
not only by increasing stockpile temperature and 
increasing PLS iron concentration but also by the 
amount of acid generated within the stockpiles. 
Copper recovery was not published, but it was 
noted that copper recovery outperformed the 
company’s life-of-mine model by 25 % (approxi-
mately one million kg per month) (Ekenes and 
Caro 2012).

What has been learned from research, pilot 
plant operations, and ROM stockpiles containing 
chalcopyrite? Temperature is a critical factor in 
leaching low-grade primary copper ores. Getting 
temperatures in the heap into the thermophilic 
range of 60 °C and above is necessary to over-
come the factors that cause leaching to slow and 
cease (Dew et al. 2011; Lee et al. 2011; Crundwell 
2014). As pointed out earlier in this chapter, a 
high redox potential (>1000 mV SHE) is required 
to oxidize chalcopyrite at temperatures below 
60 °C because of mineral passivation or the inher-
ent mechanism of dissolution due to the semicon-
ductor properties of chalcopyrite (see 
reaction 6.7). Such a high redox potential is very 
unlikely to be achieved in heap leaching. The 
most important consideration in heap leaching 
low-grade chalcopyrite is to increase the temper-
ature in the heap to 60 °C and above through the 
oxidation of pyrite (Dew et al. 2011); pyrite oxi-
dation requires a high solution redox potential 
(about 800–900 mV SHE) depending on the min-
eralogical nature of the pyrite.

Heap leaching primary copper minerals 
requires approaches that allow heat to build and 
be maintained in the heap. The amount of pyrite 
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present in the ore and the rate at which it is leached 
are important considerations. Judicious control of 
solution application to avoid loss of heat in the 
PLS and to enhance convective air flow are criti-
cal; long rest/short leach cycles are an important 
component to this. Forced aeration must be con-
sidered on a case-by-case basis and its benefits are 
dependent on heap construction, permeability of 
the ore bed, the amount of pyrite present, the rate 
of oxidation of pyrite, heap temperature and other 
geotechnical, chemical, mineralogical, hydrologi-
cal, and biological factors. Heap inoculation with 
the extremely thermophilic archaea will be neces-
sary to operate the heap at temperatures above 
55–60 °C (Logan et al. 2007), as there is little evi-
dence the extremely thermophilic archaea will 
develop naturally in the heap or stockpile. In order 
to be successful, substantially more control of 
heap operating parameters is necessary for pri-
mary ore heap leaching than for secondary copper 
heap leaching.

6.3.2.3  Heap Bioleaching of Other 
Metal Sulfides

Heap and ROM stockpile bioleaching of other 
sulfide minerals, such as sphalerite, nickel sul-
fide minerals, and cobalt sulfide, is carried out 
similarly to that of heap bioleaching of copper 
sulfide ores. The same operational principles 
apply, however, the metals solubilized in the 
PLS are often recovered by methods other than 
solvent extraction. To date, only one major 
heap bioleach of a complex base metal sulfide 
ore has operated.

Bioleaching of a black schist deposit in Finland 
was initiated in 2008. The Talvivaara mine is one 
of the largest nickel deposits in the world. The 
sulfide content of the ore varies from 15 to 20 % 
and the sulfide minerals are pyrrhotite, pyrite, 
pentlandite, sphalerite, violarite, and chalcopy-
rite. The average grade of the ore is 0.23 % Ni, 
0.50 % Zn, 0.13 % Cu, and 0.02 % Co (Saari and 
Riekkola-Vanhanen 2011). The complex mineral-
ogy of Talvivaara and the project’s location near 
the Arctic Circle make heap bioleaching challeng-
ing. Pyrrhotite oxidizes quickly and rapidly, 
 consuming acid, requiring oxygen (2.25 kg O2/
kg S2− as pyrrhotite), and generating heat. Initial 
temperatures in the heap are sufficiently high to 

support the extremely thermophilic archaea. 
However, as leaching progresses, temperature 
declines. The high acid consumption of pyrrhotite 
requires considerable initial acid addition, but 
acid is produced later in the leach cycle when 
pyrite oxidizes. Considerable attention to acid 
balance over the entire leach cycle is therefore 
required to operate such a complex circuit.

The Talvivaara heap leach has been managed 
as an on-off pad. After oxidation of the pyrrhotite 
and most of the sphalerite and pentlandite, the 
ore has been removed from the pad and placed in 
another pad area for secondary leaching. In the 
secondary bioleach pyrite and chalcopyrite 
leached along with cobalt, which is locked in the 
chalcopyrite matrix. Copper, nickel, cobalt, and 
zinc recoveries from PLS have been accom-
plished using gaseous hydrogen sulfide and pH 
control (Riekkola-Vanjanen and Palmu 2013).

6.3.2.4  Heap Biooxidation 
Pretreatment of Sulfide- 
Refractory Gold Ores

Heap biooxidation pretreatment entails the bio-
oxidation of sulfide minerals, usually pyrite 
(FeS2), arsenopyrite (FeAsS), or both, to expose 
micrometer-sized gold particles locked (embed-
ded) within the sulfide matrix. The refractory- 
sulfidic ore is agglomerated with an acidic 
solution containing microorganisms. Because the 
ore heats during the biooxidation process as a 
result of pyrite and arsenopyrite oxidation, the 
ore is typically inoculated with mesophilic, mod-
erately thermophilic, and extremely thermophilic 
microorganisms. When the heap biooxidation 
process is initiated, the microorganisms are cul-
tured in a bioreactor. However, once the process 
is underway, fresh ore is conditioned and inocu-
lated with effluent solution from the heap. The 
acid-conditioned, inoculated, and agglomerated 
ore is stacked on a HDPE lined pad on which is 
placed a layer of crushed rocks. Within the 
crushed rock layer is an array of perforated pipes 
for forced aeration of the ore pile. Low-pressure 
fans provide air for the ore heap (Logan et al. 
2007). The heap is subjected to leach/rest cycles 
to conserve heat within the heap and to ensure 
drainage of the heap to allow void spaces to fill 
with air. Oxygen requirements can be high, 
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depending on the amount of sulfide to be oxi-
dized and the rate of oxidation.

Initially the stacked ore will be at ambient 
temperature, but as the sulfide minerals—partic-
ularly pyrite–oxidize, the ore bed heats. Initially 
the mesophilic microorganisms will be active, 
but as the temperature increases in the ore bed 
those organisms that are active at higher tempera-
tures will be dominant. Eventually the extremely 
thermophilic archaea will dominate in those areas 
of the heap reaching temperature of more than 
55–60 °C (Brierley 2003).

Once sufficient sulfide is oxidized to expose the 
gold, the heap is irrigated with fresh water to 
remove acid and soluble iron. This is an important 
step to avoid hydrogen cyanide production and to 
reduce cyanide consumption, because iron reacts 
with cyanide and can increase consumption to the 
point of making the process uneconomic. The oxi-
dized and rinsed ore is then neutralized with lime. 
The neutralized ore can then be re-stacked and 
leached with a dilute cyanide solution to leach the 
gold. Alternatively the washed and oxidized ore 
can be lime-treated and milled in a CIL (carbon-
in-leach) circuit to leach the gold with cyanide 
(Logan et al. 2007). Cyanide leaching requires a 
large pH change in the oxidized ore. Thiocyanate 
has been studied as an alternative to cyanide for 
extraction of gold from biooxidized residues, 
because thiocyanate can be used under acidic con-
ditions (Li et al. 2012a, b, c, d, e). However, thio-
cyanate chemistry is complicated and consumption 
of the reagent can be unacceptably high, if condi-
tions are not carefully controlled.

To date, only one industrial-scale plant for 
the biooxidation pretreatment of sulfidic-
refractory gold ores has operated. Newmont 
Mining Company developed and employed the 
process to biooxidize a low-grade gold ore 
(about 2.64 g Au/t ore) at Gold Quarry, Nevada 
(USA), from 1999 to 2006 with more than 8.8 
million t of ore biooxidized and about 12.2 t of 
gold recovered (Logan et al. 2007; Brierley and 
Brierley 2013).

Some gold ores are termed “double- refractory” 
because not only is the gold encapsulated in a sul-
fide mineral, but the ores contain carbonaceous 
matter, which adsorbs the gold-cyanide complex 
resulting in gold losses. This latter phenomenon is 

called “preg robbing”. Mitigating preg robbing 
with microorganisms has been researched (Brierley 
and Kulpa 1992, 1993; Kulpa and Brierley 1993; 
Ofori-Sarpong et al. 2013), but a process has not 
been engineered or economically assessed.

6.3.3  Biological Processing 
of Sulfidic Ores in Vats

Although vats have been used extensively for 
leaching oxide ores and for cyanide leaching, 
vats have not been developed for biological pro-
cessing of sulfidic ores. Nevertheless, some of 
the hydraulic and gas diffusion inefficiencies, 
inherent in many low-grade ore heap leaching 
operations, might be overcome using a satu-
rated, continuous leaching reactor, designed for 
coarse ore particles in the 3–6 mm range (du 
Plessis et al. 2013; du Plessis 2014). Vat leach-
ing could be considered a hybrid technology 
between conventional coarse heap leach tech-
nology and CSTR technology for sulfidic con-
centrates. The goal of vat biological processing 
is to have high- rate leaching kinetics by over-
coming the diffusion- related limitations encoun-
tered in heap leaching. Vat leaching may be 
particularly useful for leaching chalcopyrite 
ores, because redox conditions could be con-
trolled more effectively and diffusion limita-
tions often inherent in leaching chalcopyrite 
might be overcome in a saturated reactor. The 
technology may also be useful in oxidizing ores 
that have lengthy leach times with high acid 
consumption; the shortened leach cycle of a vat 
with smaller particle sizes than a heap leach 
may be more efficient and cost effective by 
reducing acid consumption (du Plessis 2014). 
Vat technology for biological processing has not 
yet been developed for commercial use.

6.3.4  Stirred-Tank Biological 
Processing of Sulfide 
Concentrates

CSTR biological processing of sulfide concen-
trates was pioneered by Gencor Process Research, 
Johannesburg, with the first commercial plant for 
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sulfidic-refractory gold concentrate processing 
commissioned in 1986 at the Fairview mine in 
South Africa. Commissioning of three BIOX® 
plants soon followed: Harbour Lights in 1992 
and Wiluna in 1993, both in Australia; and Sansu, 
Ghana in 1994. In 1990, the Saõ Bento mine in 
Brazil installed a single BIOX® reactor in series 
with two pressure oxidation autoclaves. In total, 
13 BIOX® plants have been commissioned. Six 
plants have subsequently been decommissioned 
(van Aswegen et al 2007; Biomin 2014; van 
Niekerk 2015). The largest BIOX® plant in oper-
ation is Kokpatas, Uzbekistan, commissioned in 
2008, which processes 2138 t/day of sulfidic- 
refractory gold flotation concentrate. In 2013, 
Biomin South Africa (Pty) Limited acquired the 
BIOX® technology patents and Biomin continues 
development of the technology and is responsible 
for implementing the process at mining opera-
tions around the world.

Other CSTR biological processing technolo-
gies have been developed and implemented at 

commercial scale. BacTech commissioned three 
plants for biological processing of refractory- 
sulfidic gold concentrates: Youanmi, Western 
Australia, 1994; Beaconsfield, Tasmania, 1998; 
and Shandong, China, 2000. BIONORD®, a tech-
nology developed and owned by Polyus Gold, is 
used at the company’s Olimpiada mine in Russia 
for sulfidic-refractory gold concentrate. BRGM, 
France, developed the BROGIM CSTR bioleach 
process for a polymetallic concentrate in Uganda 
(Morin and D’Hugues 2007). The Kasese Cobalt 
plant, commissioned in 1997, is the only cur-
rently operating stirred-tank biological process 
for base metals. The plant recovers cobalt, nickel, 
and copper.

All CSTR biological processing plants for 
pretreating sulfidic-refractory gold concentrates 
operate on basically the same principles and with 
the same process flow sheet (Fig. 6.2). The con-
centrate, which may be re-ground depending on 
gold recoveries in the mini-pilot plant run, is fed 
from the flotation circuit to a surge tank where 
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Fig. 6.2 Typical flow sheet for continuous stirred-tank biological processing of sulfidic-refractory gold concentrates 
(Courtesy of Biomin South Africa (Pty) Ltd.)
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water is added. The biooxidation circuit is ordi-
narily configured with three primary reactors in 
parallel; this allows for a longer retention time of 
the solids to establish the microbial population 
and allows attachment of the microbes to the sul-
fide minerals. This prevents “wash-out” of the 
microorganisms from the circuit. The primary 
stage is followed by three (or more) secondary 
reactors in series.

Concentrate from the surge tank is typically 
diluted to 20 % solids before being fed along 
with nutrients (nitrogen, phosphorus and potas-
sium salts) from a make-up tank by a feed split-
ter to the three primary reactors. The reactors are 
constructed of stainless steel to withstand the 
low pH and highly oxidizing conditions. Low 
pressure, compressed air is injected into the 
reactors through a diffuser ring at the bottom of 
the biooxidation reactor. Each reactor is equipped 
with a stainless steel impeller, which circulates 
slurry and breaks-up air bubbles from the sparge 
ring located directly below the impeller. The bio-
oxidation reactors are equipped with internal 
cooling coils through which water is circulated 
from a cooling tower, because of the large 
amounts of heat generated from the oxidation of 
the sulfide minerals in the concentrate (Fig. 6.2).

The BIOX® technology underwent further 
development in 2013 and 2014 with the introduc-
tion of dual axial flow turbines for efficient dis-
persion of air in the biological reactors. This 
impeller design was installed at the Runruno plant 
in the Philippines. Development is underway for 
use of high-temperature microorganisms in at 
least one of the reactors to improve oxidation of 
reduced sulfur compounds produced from the fer-
ric iron oxidation of sulfide minerals. Reduced 
sulfur compounds are cyanicides that increase 
cyanide consumption, which adds operating costs 
to the process. The thermophilic microorganisms, 
particularly the archaea, are more efficient at oxi-
dizing these sulfur products, which should assist 
in reducing cyanide consumption.

Before plant commissioning, a microbial cul-
ture of mesophilic and thermo-tolerant microor-
ganisms, adapted to the concentrate and used 
during laboratory piloting, is brought to the mine 
site and scaled-up in an onsite bioreactor. 

The industrial-scale reactors are started in batch 
using the microbial culture from the onsite biore-
actor. The biooxidation circuit is then converted to 
continuous operation during commissioning 
(Fig. 6.3). CSTRs typically operate in the 40–45 °C 
range at a pH range of 1.1–1.5. pH is controlled in 
the reactors by adding limestone. The residence 
time of the mineral solids across a typical two-
stage biooxidation circuit is 5 days. The percent of 
the sulfide to be oxidized for optimal gold recov-
ery is determined in the lab in batch tests and dur-
ing the mini-pilot plant phase. The plant is then 
designed for that percent sulfide oxidation, because 
the capital and operating costs of the plant are 
based largely on the amount of sulfide requiring 
oxidation. After the final stage of biooxidation, the 
contents of the reactor are subjected to solid/liquid 
separation. The solution is neutralized with lime-
stone followed by lime before discharge to tail-
ings. Any arsenic that leached during biooxidation 
is precipitated as stable ferric arsenate that meets 
environmental standards for disposal. The solids 
containing the gold are water washed in counter-
current decantation thickeners before being 
directed to the neutralization tanks for treatment 
with limestone and lime. The neutralized slurry is 
then thickened; the water is recovered for reuse 
and the thickened oxidized residue is cyanide 
leached to extract the gold (Fig. 6.2). Gold recov-
eries in CSTR plants (Fig. 6.3) are typically in the 
range of 95–98 % (Brierley and Briggs 2002; van 
Aswegen et al. 2007).

When base metal sulfide concentrates are bio-
leached in CSTRs the metal of value is in the 
solution from the last stage reactor. The base 
metals can be recovered from solution by stan-
dard technologies including solvent extraction/
electrowinning for copper, sulfide precipitation, 
or other methods.

The BioCOP™ process, developed by Billiton 
in the late 1990s and early 2000s, was specific for 
treatment of refractory copper sulfide concen-
trates not suitable for commercial smelting due to 
the content of deleterious elements, such as arse-
nic. The process utilized extremely thermophilic 
archaea operating at temperatures up to 
85 °C. The solubilized copper was subsequently 
recovered by conventional solvent extraction and 
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electrowinning, producing a high value copper 
metal product. After considerable pilot testing in 
South Africa a 20 ktpa (cathode copper) proto-
type unit to prove the extremely thermophilic 
BioCOP™ technology was constructed and 
began operation in 2003 at CODELCO’s 
Chuquicamata mine in Chile. The prototype unit 
consisted of six 1260 cubic meter reactors of 
Stebbins construction—a ceramic design—capa-
ble of withstanding the highly corrosive condi-
tions at 85 °C. The primary and secondary 
reactors had the world’s largest Lightnin® A315 
agitators with each having a diameter close to 
5 m (Batty and Rorke 2006). The prototype unit 
operated until mid-2005. While the plant oper-
ated with minimal problems, the decision was 
made not to proceed with a commercial-scale 
unit. No public explanation has been made avail-
able; however, questions have been raised about 
the technology’s economic competitiveness with 
other processes.

6.4  Reductive Mineral 
Dissolution by Biological 
Processing—An Emerging 
Process?

As discussed earlier in this chapter, biological 
processing involving oxidation of sulfide minerals 
is a conventional industrial practice. However, 
many metals of value occur in ores that are already 
oxidized, for example, nickel laterites, which are 
estimated to account for about 70 % of the world’s 
nickel resources (Dalvi et al. 2004). In these later-
itic ores, the nickel is largely associated with goe-
thite, α-FeIIIO(OH), or limonite ore consisting of a 
mixture of hydrated iron(III) oxide-hydroxide 
minerals of varying composition.

The “Ferredox” processing concept, which was 
introduced in 2011 (du Plessis et al. 2011; Hallberg 
et al. 2011), uses the bacterium, Acidithiobacillus 
ferrooxidans, to couple the  oxidation of elemental 

Fig. 6.3 CSTR biooxidation circuit at the Kokpatas, Uzbekistan BIOX® plant (photo courtesy of Biomin South Africa 
(Pty) Ltd.)

C.L. Brierley



129

sulfur (S°) with the reduction of ferric iron con-
tained in the mineral goethite (or limonite ore). 
The process is carried out under acidic and ambi-
ent temperature conditions in the absence of oxy-
gen to facilitate the dissolution of metals. It has 
long been known that in the absence of oxygen, 
Acidithiobacillus ferrooxidans will oxidize ele-
mental sulfur and use soluble ferric iron (Fe3+) as 
an electron acceptor. The Ferredox concept is 
novel in that the ferric iron is associated with a 
solid mineral and, when the biologically catalyzed 
reduction occurs, the mineral undergoes dissolu-
tion releasing those metals associated with the 
mineral. The key reaction, when goethite is the 
ferric iron-containing mineral, is

S FeO OH H SO Fe H O� + ( ) + ® + ++ - +6 10 6 84
2 2

2  
(6.12)

and this is carried out in the absence of oxygen. 
This bacterially catalyzed reductive dissolution 
reaction can also take place with the asbolane- 
lithiophorite group of minerals, (Mn, Co) (O, OH 

2, Ni(OH)2, releasing cobalt and manganese. In 
the case of this mineral group (du Plessis et al. 
2011), the reaction may directly involve the oxi-
dation of S° by Acidithiobacillus ferrooxidans in 
the absence of oxygen with electrons being 
accepted by manganese(IV)

Mn O OH S H Mn H O SO3 3 6

2
2 4

24 3 5( ) + + ® + ++ + -�

 
(6.13)

or by ferrous iron (Fe2+) derived from the reduc-
tive dissolution of goethite
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(6.14)

There are currently no commercial plants that 
use Ferredox; however, a proposed flow sheet for 
the conceptual Ferredox process is shown in 
Fig. 6.4 (du Plessis et al. 2011). The key elements 
of the flow sheet are
•	 An acid consuming reductive leach of the 

limonite according to reaction 6.12
•	 Recovery of the metals of value (Ni, Cu, etc.) 

from the PLS
•	 Ferrous iron oxidation (reaction 6.1) to convert 

the iron to either soluble ferric iron or precipi-
tated as jarosite or schwertmannite, an iron-
oxyhydroxysulfate mineral. If precipitated as a 

ferric-oxysulfate, this can be used as a sulfuric 
acid generating step (reaction 6.11)

•	 Soluble ferric iron can be used as an oxidant 
for elemental sulfur oxidation and the result-
ing ferrous iron can be used in reductive leach-
ing (reaction 6.14)

6.5  Motivations for Commercial 
Use of Biological Processes 
and Closing Considerations

Biological processing of sulfidic ores has been 
applied commercially for over half a century, 
when the discovery was made that microorgan-
isms catalyze the oxidation of sulfide minerals. 
Little was done initially to enhance the microbial 
processes in what was called dump bioleaching 
of submarginal grade, ROM ores (now referred 
to more generally as “stockpile” leaching). 
However, when it became apparent through 
research that microorganisms required oxygen to 
catalyze sulfide oxidation, different approaches 
were taken to improve the ventilation of the 
stockpiles. By the mid-1980s and early 1990s 
CSTRs were in commercial use to biooxidize 
 flotation concentrates in which gold was encap-
sulated in a sulfide mineral matrix. This biologi-
cal pretreatment process greatly improves gold 
recovery from these refractory concentrates. 
During the same time period, crushed ore heaps 
were engineered for effective bioleaching of 
base metals and for biological pretreatment pro-
cessing of low-grade, sulfidic-refractory gold 
ores. Today some 20 % of the world’s mined 
copper and 3 % of the world’s mined gold are 
now produced by biological processing. New 
microorganisms are being discovered, new engi-
neered schemes for using microorganisms are 
being perfected and new approaches to engineer-
ing biological processes are being invented. 
These innovations are expected to increase the 
range of ores that can be processed by microbial 
methods to include highly refractory primary 
copper ores, such as chalcopyrite and enargite, 
and oxidized minerals, such as nickel laterites 
that are not amenable to conventional biological 
oxidation approach.
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There are multiple reasons (Deloitte 2014) 
why biological processing of ores and concen-
trates is expected to grow in application and 
likely play an increasing role in future mineral 
processing:

Declining ore grades: Deposits of high-grade ores 
have largely been discovered and mined. Head 
grades have been steadily declining for many met-
als, including copper, nickel, and zinc. In some 
cases, copper grades are too low to support the 
cost of crushing, grinding, and flotation for pro-
cessing by smelting. This leaves heap bioleaching 
of these low-grade ores as the viable option.

Easy-to-process-ore deposits are depleted: As 
existing mines become deeper and oxide and sec-
ondary copper ores are depleted, mining is taking 
place in the primary zone and newly discovered 
deposits have more complex ores. Hypogene 
ores, such as chalcopyrite and enargite, are 
 typically low-grade and difficult to leach. Few 

cost- effective processing options exist, which is 
why a priority is being placed on developing and 
optimizing heap bioleaching of these ores. 
Complex ores are not only difficult to process by 
many conventional processing routes but also 
contain deleterious constituents making them 
unsuitable for some alterative processing. In bio-
logical processing of these materials, the deleteri-
ous constituents, such as arsenic, are first 
solubilized and then precipitated as a stable 
sludge that meets stringent environmental regula-
tions and can be safely disposed in a tailings 
impoundment.

Increasing energy costs: As ore head grades 
decline, production costs increase. More energy 
is expended to recover the metal of value. In 
some countries where mining takes place (e.g., 
Chile and South Africa), energy costs are also 
increasing, because of greater demand for power 
by the public and private sectors and other bottle-
necks in electrical supply. Biological processing, 
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particularly heap leaching, requires less energy 
than some other alternative processes. 
Nevertheless, electrowinning of copper produced 
by heap bioleaching remains a significant con-
sumer of electrical power.

Deeper mining and increasing population: As 
ore head grades decline and mines become 
deeper, open-pit and underground mining will no 
longer be profitable, because of increased cost of 
production.

The earth is currently home to 7.2 billion peo-
ple and the current projection is that the earth will 
need to support a population of 9.6 billion by 
2050 and 11 billion by 2100 (NRC 2014). 
Increasing population points to two matters of 
concern for mining:

•	 The amount of land throughout the world that 
is not populated by humans is decreasing. 
Consequently, mining activities are increas-
ingly located near villages or larger popula-
tion centers (Silver 2008)

•	 Most people envision a future with a greater 
standard of living than on average we cur-
rently have. This means a greater consumption 
of resources including metals (NRC 2014)

These two factors—deeper mines and increas-
ing population—place significant challenges on 
the mining sector to reduce the footprint of min-
ing, to cost effectively extract the metals neces-
sary to sustain an increasing world population 
that expects a good quality of life, and to protect 
the environment. Practicable in situ (borehole) 
mining techniques must be developed to enable 
cost-effective mining of refractory and complex, 
low-grade metals at depth, protect groundwater, 
and reduce surface impacts. Commercially viable 
in situ leaching for metallic minerals in pristine 
formations entails making subsurface rocks per-
meable to solutions, containing solutions in 
underground mineral formations, controlling 
chemistry to selectively dissolve metals of value 
while leaving other subsurface material behind, 
and successfully returning the metal-bearing 
solutions to the surface for value recovery. 
Advancing in situ leaching for base and precious 

metal recoveries requires developments in: char-
acterizing the ore body with minimal invasion; 
directional drilling of hard rock ore bodies; frac-
turing technology to enhance permeability; sens-
ing technologies to monitor solution flow and 
chemistry; protecting groundwater; and robust 
extractive processes. Biological processes are 
expected to be an important technology for mini-
mally invasive extraction technology.
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7.1             Introduction 

 Falling commodity prices along with rising pro-
duction costs is putting a squeeze on the bottom 
line of the mining and metallurgical industry. In 
order to stay competitive, production costs need 
to be minimized without affecting the quality of 
the product. One of the innovative ways to 
achieve this goal is by process compression. 
Process compression is the elimination of a pro-
cess step to make the process more economical. 
Many times technology available in other process 
industries can be applied to mining and metal-
lurgical industry to eliminate certain process 
steps, if sustainable. Some examples of process 
compression are provided below.  

7.2     Carbon-in-Pulp (CIP) Process 

 In CIP process, cyanide leach solution slurry 
containing gold is mixed with activated carbon in 
an agitation tank or in a counter current manner 
through a series of tanks.  Gold cyanide complex   
is adsorbed on the activated carbon, which is 

 separated from leach slurry by screening. CIP 
process minimizes costly solid/liquid separation 
steps. 

 Figure  7.1  shows the world gold production 
by recovery method in 2004 (Marsden  2006 ). 
CIP and CIL (carbon-in-leach) processes 
accounted for ~42 % of worldwide production in 
2004. Separate estimates for CIP  and CIL   were 
not made as it had become diffi cult to make a 
clear distinction between these two processes as 
same plants had started using equipments for 
both processes.

   Figure  7.2  shows the typical process fl owsheet 
for CIP process (Hill  1986 ). The ore is crushed 
and ground to −100 mesh. It is then leached in 
cyanide at 45–50 % solids. Lime is added during 
leaching for maintaining the alkalinity of sodium 
cyanide. This is followed by counter-current 
carbon- pulp contact during which gold is 
adsorbed on activated carbon. Loaded carbon is 
then separated from pulp by screening. Gold is 
desorbed from activated carbon by stripping and 
recovered from preg strip liquor by electrowin-
ning. Carbon is reactivated and recycled to the 
process.

7.3        Resin-in-Pulp (RIP) Process 

  RIP process   is similar to the CIP process 
except that activated carbon is replaced by solid 
spherical polystyrene resin beads and has been 
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 practiced in the uranium industry. Similar to the 
CIP process,  Resin-in-Pulp (RIP) process   mini-
mizes costly solid/liquid separation steps. 
Traditionally,  uranium ore   is leached with sulfu-
ric acid to produce uranium-rich pregnant leach 
liquor. The leach liquor is passed through ion-
exchange resin columns, which remove uranium 
from leach liquor by forming a complex uranium 
anion. After resin is fully loaded, uranium is 
removed from the ion- exchange resins by passing 

an eluting liquid through the ion-exchange resin 
columns. Regenerated ion-exchange resin is then 
used to treat fresh batch of uranium-rich pregnant 
leach liquor. Due to low grade of uranium ore, 
process requires separation of pregnant leach 
liquor from large amount of residue by fi ltration, 
which adds signifi cantly to the process cost. In 
addition, resin-packed columns also involve high 
capital cost. The RIP process eliminates the 
costly fi ltration step and reduces capital cost by 

42%
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  Fig. 7.1    World Gold production by recovery method in 2004, adapted from Marsden ( 2006 )       
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eliminating the need for ion-exchange resin 
 columns. Instead, moderately coarse resin beads 
are mixed with pulp and separated by screening 
when the ion-exchange resin is loaded with ura-
nium. The RIP process is practiced in the USA, 
Russia, France, South Africa, China, and Canada 
for the processing of uranium ore (Mirjalili and 
Roshani  2007 ). 

 Figure  7.3  shows the schematic of a typical 
RIP process used in uranium industry (Makhubela 
 2006 ). Pulp and resin are mixed in an air-agitated 
extraction vessel and then pumped to a vibrating 
screen, which separates pulp from resin. Pulp 
fl ows to the next stage where it is again mixed 

with resin. Loaded resin passes through a resin 
splitter, which returns a fraction of loaded resin 
to the same tank to increase resin residence time. 
Rest of the loaded resin is then washed and eluted 
in elution columns.

7.4        Heap Leaching 

 Heap leaching is used for low grade ores. Ore is 
crushed and made into a heap on a pad. After 
leaching, leach liquor is pumped out for further 
processing. Heap leaching eliminates the need 
for grinding,    which makes it an economical 
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 process option for the treatment of complex ores. 
Heap leaching has been used for the treatment of 
copper, uranium, nickel, silver, and gold ores. 
Poor recovery due to  non-uniform percolation   
has been faced by many heap leach operations, 
particularly the ones with signifi cant clay content 
in the ore. To overcome this problem, modern 
heap leach operations include  agglomeration/
stacking   as one of the process steps before leach-
ing. As shown in Fig.  7.4 , agglomeration/stack-
ing cost is about 14 % of the total cost of heap 
leach operation (Dhawan et al.  2013 ). Improper 
heap building can result in segregation of coarse 
and fi ne particles as shown in Fig.  7.5 , which will 
result in poor recovery due to non-uniform per-
colation of the lixiviant through the ore heaps 
(Dhawan et al.  2013 ). Agglomeration of ore 
 particles results in agglomerates of similar size 
particles avoiding the problem of segregation. 

This results in uniform percolation of the lixivi-
ant through the ore heaps as shown in Fig.  7.6  
(Dhawan et al.  2013 ).

     Figure  7.7  shows the fl owsheet of a heap leach 
operation (Zanbak  2012 ). Run-of-mine ore is 
crushed, agglomerated, if necessary, and made 
into a heap on an impermeable lined pad. It is then 
heap leached by passing the lixiviant solution from 
the top. As the lixiviant solution percolates through 
the heap under gravity and atmospheric condi-
tions, leaching process may take several weeks to 
few months for completion. Pregnant leach solu-
tion is collected in a pond and goes for metal 
recovery. Pregnant solution pond is lined with 
double layer of composite liners and fi tted with 
leak detection pipes and pumps for the purpose of 
environmental protection. Barren solution is col-
lected in a barren solution pond, which is recycled 
for leaching after making up for the lixiviant.

  Fig. 7.4    Heap leach 
operating cost 
distribution (Dhawan 
et al.  2013 )       

  Fig. 7.5    Improper heap building resulting in segregation of coarse and fi ne particles (Dhawan et al.  2013 )       

 

 

V.I. Lakshmanan and R. Roy



141

  Fig. 7.6    Solution percolation in agglomerated vs. non-agglomerated ore (Dhawan et al.  2013 )       
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  Fig. 7.7    Flowsheet of a heap leach operation (Zanbak  2012 )       

7.5        In-Situ Leaching 

 In in-situ  leaching  , the leaching solution is 
pumped through the ore body in-situ. In-situ 
leaching eliminates the need for crushing, grind-
ing, and solid/liquid separation. In addition, in 

situ leaching minimizes issues related to tailings 
management. 

 Figure  7.8  shows the fl owsheet of a heap leach 
operation for uranium ore (US Nuclear 
Regulatory Commission. Information Digest 
 2013 –2014). Lixiviant, typically a solution of 
groundwater with sodium bicarbonate, hydrogen 
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peroxide, and oxygen, is pumped into the layer of 
earth containing uranium through injection wells. 
Uranium is leached in situ and the pregnant leach 
liquor is pumped back to the surface using recov-
ery wells. Pregnant leach liquor is sent to the pro-
cessing plant to make yellowcake. Samples from 
monitoring wells are checked regularly to ensure 
that uranium and chemicals are contained within 
the drilling area.

7.6        Mixer-Settler Equipment 

 Krebs mixer-settler equipment eliminates the 
need for multiple stages with conventional mixer/
settlers. Figure  7.9  shows the schematic of an 
early prototype of a conventional mixer-settler 
(Knapp et al.  1958 ). The mixer settler is a rectan-
gular box with multiple stages. Each stage is 
divided in two chambers: antechamber and a set-
tling chamber. A mixing chamber is suspended in 
the antechamber using an overhead clamp. An 
impeller is provided in each mixing chamber for 
mixing the aqueous and organic phases. Aqueous 

and organic  phases   fl ow counter-currently 
through different stages. Aqueous phase from 
next stage and  organic phase   from previous stage 
enter the antechamber through underfl ow and 
overfl ow ports, respectively. Both phases fl ow 
into mixing chamber and are mixed by an impel-
ler. Mixed phases fl ow into the settling chamber 
through an overfl ow arm. Aqueous and organic 
phases are separated in the settling chamber by 
gravity and fl ow to adjoining stages through 
appropriate ports.

    Advantages   of the conventional mixer-settler 
include relatively simple low cost design, stable 
operation, low maintenance, reliable scale-up, 
relatively good visibility of the process, and easy 
access for crud removal, while  disadvantages 
include   large settlers and footprint area, large 
organic inventory, and lengthy piping (Taylor 
 2007 ). 

 Krebs mixer-settler was developed by Krebs 
in France in 1970s. These mixer-settlers have 
been installed in many uranium solvent extrac-
tion plants and some copper solvent extraction 
 plants  . Figure  7.10  shows the schematic of a 

  Fig. 7.8    Flowsheet of 
an in situ leach 
operation for uranium 
ore (US Nuclear 
Regulatory Commission. 
Information Digest 
 2013 –2014)       
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Krebs mixer-settler (Taylor  2007 ). Organic and 
aqueous feeds pass through a pump mixer into an 
agitator, which is fi tted with a low head, high vol-
ume, low shear conical pump. The pump consists 

of a static tulip-shaped stator and a six-bladed 
rotor. The conical pump is used to develop the 
head to lift the dispersion of organic and aqueous 
phases to the top launder. As the dispersion 

  Fig. 7.9    Schematic of 
conventional mixer-
settler (Knapp et al. 
 1958 ). (1) Mixing 
chamber, (2) 
antechamber, (3) heavy 
phase underfl ow port, 
(4) settling chamber, and 
(5) light phase overfl ow 
port       

  Fig. 7.10    Krebs mixer-settler elevation view (Taylor  2007 )       
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moves through the top launder, the primary 
 separation of the organic and aqueous phases 
takes place. The organic and aqueous phases are 
then directed separately to the main settler below 
via a baffl e system on one end. Loaded organic 
and aqueous raffi nate are discharged from the 
main settler at the other end.

    Advantages   of the Krebs mixer-settler include 
smaller footprint area, simplifi ed plant layout, 
shorter inter-stage and recycle piping, and lower 
capex,  while   disadvantages include limited access 
for crud removal, higher power consumption, 
higher reported organic entrainment, and propri-
etary design subject to license fee (Taylor  2007 ).     
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8.1  Introduction

The separation and removal of metals of interest 
from various matrices such as ores, or aqueous or 
organic solutions containing those metals can be 
achieved by a variety of metallurgical processing 
methods. The main goal in processing is to remove 
the metals of interest as selectively and economi-
cally as possible while permitting the final dis-
charge of all the liquid, solid, and gaseous effluents 
generated from the processes to the environment. 
The effectiveness of a process is judged by the 
separation efficiency, that is, the ratio of metal 
concentration in the metal-depleted effluent to 
metal concentration in the feed matrix. 
Effectiveness is also judged by the reduction in 
volume achieved between the original material 
being processed and the final effluent requiring 
safe management as waste material. For example, 
metal separation efficiency in the range of 90–99 % 
and volume reduction factors in the range of 
10–1000 are typical requirements in many appli-
cations involving solid and solution matrices.

In any metal separation process initiative, the 
end-deliverable is characterized by a set of 

 performance aspects (PA) related to the imple-
mentation and operation of the overall process 
system. The common performance aspects are 
capital and operating costs (or life-cycle cost), 
and duration from concept identification to sys-
tem start-up. In addition, there are other aspects, 
which impact cost and duration but are difficult 
to quantify up front in terms of these measures. 
These could be safety (measured through operat-
ing experience and consequences of system fail-
ure), ease of compliance with regulations, 
perceived environmental impact, utilization of 
existing resources (equipment and personnel), 
etc. A consensus on key aspects for such an ini-
tiative is generally arrived at among technology 
specialists, finance controllers, licensing experts 
or regulators and customer/stakeholders.

A structured approach for process selection 
from various options, which is discussed in this 
section, is based on a familiar, common sense 
approach to decision-making without bias. This 
simple approach can be considered as an effec-
tive and innovative tool for the process selection 
team. Such a simple but innovative approach 
would benefit the decision makers to arrive at a 
logical outcome in a consistent manner. 
Application of innovative approaches on all fac-
ets of the operation is essential in today’s glo-
balization of commodity markets, in particular 
the metal markets, in order to remain competi-
tive and sustainable in the long term (e.g., 
Lakshmanan 1992).
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8.2  Methodology

This section describes the first of a two-stage 
structured evaluation of process options to arrive 
at the best process for removing one or a group of 
metals of interest from a solid or a solution as the 
feed to the process. To arrive at the best process 
option, it is recognized that an integral logical 
analysis of the issues and their impact on perfor-
mance is essential. The approach used here was 
evolved from the principles embedded in the 
Theory of Constraints Methodology (Goldratt 
1999). The methodology involves a two-stage 
approach. In Stage 1, a four-step analysis is used 
(e.g., Tennankore and Vijayan 1999), namely, 
identification of options, identification of key 
performance aspects and associated measures, 
assessment of impact of the options on the per-
formance aspects, and an overall assessment. A 
simple scoring method based on “1,4,9” (“low, 
medium, high” preference) is used to quantify the 
impact of the options on key performance aspects. 
The overall score is obtained through appropriate 
weighting of the score for individual performance 
aspects and is then used to short-list the preferred 
options for further detailed evaluation to arrive at 
the best option.

If weights for performance aspects are 
selected and fixed, a short list of options can be 
deduced for further detailed evaluation of 
impacts on the performance aspects to arrive at 
the best option.

8.3  Methodology Application

Several approaches essentially based on common 
sense performance factors have been and are 
being used to select the most promising option 
from a list of options. However, a structured 
approach discussed in this section is expected to 
provide an initial selection of a short list of 
options without bias, which can be used as the 
basis to perform sensitivity analysis of the effects 
of the performance factors, and to arrive at a con-
sensus by the process selection team.

To illustrate the structured approach as an 
innovative and effective method to process selec-

tion, as an example, process options for vana-
dium extraction to produce marketable product(s) 
were considered. In order to evaluate the pro-
cesses options for this example, the following 
key assumptions have been made.

• The need for vanadium extraction from flyash 
as the feedstock is justified on the basis of 
quantity, availability, and resource demand 
(and an opportunity to create value from 
industrial waste)

• Through a search of information in published 
literature, five process options were consid-
ered available and selected

• The recovered product and by-products were 
justified to have sufficient market

• There were no legacy or political issues 
applicable

• The goal for the methodology application and 
evaluation of the process options do not attest 
or recommend one or more processes. Any 
opinions and analysis may only be considered 
as an exercise for methodology consider-
ations, and should not be interpreted as final 
answers to a vanadium recovery process for 
implementation.

Process options for the recovery of vanadium 
from flyash, and the selection of a short list of the 
most processing options by using the process 
selection methodology described in Table 8.1 are 
analyzed in the following section.

8.3.1  Methodology Application: 
Flyash and Its Utilization

The utilization of a waste material such as flyash 
as the secondary resource for vanadium is impor-
tant not only for saving the raw material resource 
but also for closing the vanadium cycle, thus 
reducing the environmental impact (Xiao et al. 
2010).

Flyash is generated as a waste effluent (e.g., 
thermal power plants) in the utilization of fossil 
fuels (e.g., coal and petroleum products). The 
value added and innovative utilization of the fly-
ash would support economic benefits and sus-
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tainable environmental solutions (Singh and 
Gupta 2014). Flyash contains a large number of 
heavy metals and trace concentrations of specific 
heavy metals, and other substances that are 
known to be detrimental to health in sufficient 
quantities. Examples of such metals include arse-
nic, cadmium, chromium, molybdenum, sele-
nium, thorium, uranium, vanadium, copper, zinc, 
and lead. These metal ions get released readily in 
aqueous environment, causing future threat to the 
environment. The unmanaged flyash may result 
in significant problems for the environment and 
ecology. Several utilization routes for flyash have 
been developed, considered for use, and some 
applied on large scale. Some of the application 
topics include (1) absorbent for cleaning sulfur 
compounds from flue gas; (2) adsorption of NOx; 
(3) removal of mercury and boron; (4) removal of 
phosphate and fluoride; (5) removal of phenolic 
compounds and gaseous organics; (5) production 
of bricks as building material; (6) soil amend-
ments associated with agricultural, wasteland 
reclamation and forestry sectors; and (7) recov-
ery of value added metals.

It is the metal recovery aspect of the flyash uti-
lization, in particular vanadium recovery, that has 
been selected in this section to demonstrate the 
process selection methodology. Previously, sepa-
ration processes for recovering ferrosilicon alloy 
(e.g., Pickles et al. 1999), chromium (VI) (e.g., 
Dasmahaputra et al. 1998), gallium (e.g., Fang 
and Geaser 1996), and vanadium, (and nickel and 
magnesium) (e.g., Kuniaki et al. 1998) were 
reported.

8.4  Vanadium Recovery 
from Flyash: Process Options

Several approaches for the recovery of vana-
dium from fly ash have been developed (e.g., Ye 
2006). A simplified flowchart in Fig. 8.1 illus-
trates the approaches and the process options 
considered to demonstrate the process selection 
methodology.

A summary of the selected five process 
options are given in Table 8.1 and illustrated 

Table 8.1 A summary of vanadium extraction process 
options

Process 
option Description Reference

Option 
#1

A hydrometallurgical 
conventional process 
involving concentrated 
H2SO4 leaching of 
flyash followed 
precipitation and 
purification to produce 
V2O5 as the product

US Patent 
3,416,882 
(Whigham 1968)

Option 
#2

A hydrometallurgical 
process that uses 
concentrated alkaline 
hydroxide leaching of 
flyash to recover 
vanadium selectively, 
followed by staged 
precipitation with lime, 
bicarbonate and CO2 
and CO2-ammonia to 
produce a calcined 
V2O5 final product

US Patent 
3,873,669 
(Guillaud 1975)

Option 
#3

The carbonaceous feed 
material such as flyash 
is salt roasted at about 
1000°C, leached with 
dilute alkali or water, 
followed by pure 
vanadium recovery as 
V2O5 product (and 
other value metals if 
desired) by elegant 
precipitation and drying 
steps

US Patent 
4,539,186 
(Schemel et al. 
1985)

Option 
#4

A novel process for 
vanadium and zeolitic 
products recovery from 
flyash involving a 
preconditioning water 
wetting step followed 
by carbon removal by 
flotation, and pressure 
leaching with dilute 
NaOH, and leach liquor 
treatment by solvent 
extraction and 
precipitation steps

US Patent 
4,798,709 
(Lakshmanan 
et al. 1989)

Option 
#5

A pyrometallurgical 
process involving 
reduction of metal 
oxides in flyash in a gas 
fired smelter at about 
1550°C to produce a 
ferrovanadium alloy as 
the final product

US Patent 
5,685,244 
(Goldfarb and 
Woodroffe 1997)
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through simplified process flowcharts in Figs. 8.2, 
8.3, 8.4, 8.5, and 8.6.

The key performance aspects and associated 
performance measures are given in Table 8.2.

8.4.1  Description of Process 
Options

8.4.1.1  Process Option #1: 
Concentrated Sulfuric Acid 
Leaching

In Option #1 (Fig. 8.2), the flyash (or the vana-
dium concentrate) is leached with concentrated 
sulfuric acid (~98 %) to dissolve the vanadium 
and form a slurry. After settling/filtration, the 
vanadium in the clear solution is oxidized to its 
pentavalent state. The vanadium is precipitated 
with an agent such as ammonia and the hydrated 
precipitate is filtered, dried, fused, and formed 
into flakes. In this process, the leaching is carried 
out around 50°C and the oxidation and partial 
precipitation with ammonia are performed 
between 80 and 90°C in the pH range of 1.7–2.1. 

The separated precipitate, red cake is dried 
around 315°C and then fused in a fusion furnace 
at about 1000 °C in an oxidizing atmosphere to 
produce V2O5. The final flaked product contains 
typically 98 wt% V as V2O5, 1 % Fe as Fe2O3, 
0.2 % Ni as NiO, 0.1 % Ti as TiO2, and acid- 
insoluble materials of about 0.6 %.

Another earlier patent (Vezina and Gow 1968) 
has discussed concentrated sulfuric acid leaching 
to produce impure V2O5 and carbonate purifica-
tion to produce ammonium metavanadate. A 
variation of the sulfuric acid leaching of flyash 
with precipitation using alkaline magnesium 
reagents (MgO, Mg(OH)2, MgCO3, or mixtures) 
followed by solvent extraction of the) leach 
liquor and vanadium purification steps has been 
reported in a patent by Pitts (1978).

8.4.1.2  Process Option #2: 
Concentrated Caustic Soda 
Leaching

In this process option (Fig. 8.3), an alkaline leach 
is used which selectively leaches the vanadium 
leaving iron and silicates in the residue. The 

Flyash

Pyrometallurgy
Option # 5

FeV Product

Acid Leaching
Option # 1

Alkali Leaching
Option # 2

Preconditioning
Option # 4

Hydrometallurgy Option
# 1, 2, 3 and 4

Salt Roasting
Option # 3

Water/dilute Acid/
Alkali Leaching

Solvent Extraction/
Ion Exchange

Vanadium Precipitation
and Purification

Vanadium Oxide
Product

Carbon Removal by
Flotation

Pressure Leaching
with dilute Alkali

Fig. 8.1 A generalized flowchart of process options for vanadium extraction from flyash
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 process is suitable for flyash from different 
sources containing different amounts of free car-
bon and vanadium oxides. Here, the flyash under-
goes selective leaching with concentrated sodium 
hydroxide (2–5 mol/L) in a temperature range of 
80–90°C. The slurry containing V3+ (in solution) 
and calcium silicates and other solids is treated 
with CaO at near boiling temperature to soluble 
calcium vanadate (V2O5⋅4CaO) and insoluble 
calcium silicate, and free NaOH. The solids are 
washed and the mixture filtered. The filtered sol-
ids contain all alumina, Fe, Ti, C, Mg, and alka-
line salts. The solution containing over 80 wt% V 
and less than 1 % soluble silicate is volume 
reduced approximately by a factor of 3 in an 
evaporator. Excess lime is added to the concen-
trated solution to precipitate vanadium and cal-
cium silicate. The slurry containing the 
precipitates is subjected to thickening, filtration, 
and washing. The separated calcium vanadate 
and silicate precipitates are treated extensively to 
produce pure V2O5 as the final product. The 

NaOH filtrates separated from various process 
steps are combined and concentration adjusted 
and recycled as reagent for vanadium leaching.

The purification of the mixture of calcium 
vanadate and silicate precipitates is performed by 
suspending the solids in an aqueous solution of 
NaHCO3 and bubbling with CO2 gas. The pre-
cipitated CaCO3 and calcium silicate are rejected 
by filtration and washing. The filtrate containing 
vanadium is next reacted with ammonia and CO2 
at room temperature to precipitate ammonium 
vanadate, which is decomposed in a subsequent 
step to release free NH3 and to produce pure 
V2O5. The filtrate containing NaOH and the NH3 
released from heat decomposition are recycled. 
The process refers to a pretreatment step to elimi-
nate free carbon from the flyash, if necessary to 
avoid issues related to carbon residue in the pro-
cess operation, by light roasting or flotation 
methods.

A variation of the alkaline leaching coupled 
with a second-stage sulfuric acid leaching is 
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Pre-heater

Shaft Furnace

T ~1600oC

Slag
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To Pelletizer

Gas to Stack
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Surface heating
by gas burner

Fe-V Alloy
to Steel Customer

To Landfil

Slag (free from V)

Fe-V

Fig. 8.6 Process 
flowsheet based on 
pyrometallurgical 
separation of vanadium 
from flyash (Goldfarb 
and Woodroffe 1997)—
Option #5
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reported elsewhere for vanadium and molybde-
num separation from flyash of heavy oil-fired 
power station (Stas et al. 2007; Stas et al. 2010).

8.4.1.3  Process Option #3: Salt 
Roasting Followed by Dilute 
Alkali or Water Leaching

In the published literature there are two patents 
(Schemel et al. 1985; Griffin and Etsell 1987) 
and some technical articles (e.g., Long et al. 
2014) describe variations of the process involv-
ing salt roasting of flyash followed by alkali 
leaching for vanadium recovery.

This process option (Fig. 8.4) provides a 
method for removing vanadium and other metals 
from carbonaceous vanadium bearing materials. 
The feed material is introduced to the furnace 
lined with fused alumina refractory and main-
tained in the range of 750–1000°C. Air is intro-

duced to the furnace at a rate controlled by the 
size of the furnace and the amount of carbon in 
the feedstock. The reaction results in the forma-
tion of a product which becomes a water-soluble 
salt. The product is quenched, and the slag is 
ground and subjected to leaching with water at a 
temperature of about 70–100°C. The water leach-
ing brings vanadium in its pentavalent state to 
solution while other metals will be solids. After 
filtration and washing the solution is subjected to 
a unique precipitation step to form pure V2O5 by 
simple adjustment of pH by the addition of an 
acid such as HCl. The precipitate is separated by 
filtration and washing, and sent for drying, fol-
lowed by calcination in a furnace at about 950°C 
for several hours in the presence of air to produce 
the final V2O5 product.

The objective of salt roasting is to render 
vanadium in water-soluble forms and is normally 

Table 8.2 Key performance aspects and related measures for metallurgical process selection and evaluation

Performance aspect (PA) Performance measure (PM)

PA1 Technical

PA1.1 Functionality/reliability PA1.1-PM1 Key process and equipment performance

PA1.1-PM2 Metal removal efficiency

PA1.1-PM3 Process control and product quality

PA1.2 Technology maturity PA1.2-PM1 Stage of process development

PA1.2-PM2 Previous application of the process within the industry 
or other related industry

PA1.2-PM3 Past experience

PA1.3 Design life PA1.3-PM1 Life-time in years

PA1.4 Operational PA1.4-PM1 Operator safety

PA1.4-PM2 Operation monitoring, control and maintenance

PA1.4-PM3  Waste management

PA2 Financial

PA2.1 Payout period PA2.1-PM1 Payback period in years

PA2.2 Life-cycle cost PA2.2-PM2 Capital

PA2.2-PM3 Operating (decommissioning and waste management)

PA3 Regulatory/health and safety

PA3.1 Regulator acceptance PA3.1-PM1 Environmental impact (human and nonhuman biota)

PA3.1-PM2 Worker health and safety

PA3.1-PM3 Ability for the process to meet more stringent 
regulatory requirements by changes to processing 
components/steps

PA4 Timelines

PA4.1 Schedule PA4.1-PM1 Process implementation for metal recovery

PA4.1-PM2 Process plant refurbishment after the first design life

PA4.1-PM3 Decommissioning after final design life
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carried out in a rotary kiln. General retention 
times are up to 10 h (Ye 2006). The temperature 
of roasting depends on the type of salt being 
used. For example, when NaCl is used, the fol-
lowing reaction occurs:

2 2 22 2 3 3NaCl H O g V O NaVO HCl g+ ( ) + = + ( )  
at 800–900°C.

The salt roasting is generally the cheapest and 
attacks vanadium selectively. The soda (Na2CO3) 
roasting is nonselective requiring relatively 
higher temperatures (900–1200°C) and is gener-
ally used to meet higher environmental 
requirements.

 
Na CO V O NaVO CO g2 3 2 3 3 22+ = + ( )

 

For roasting to be effective for vanadium oxi-
dation, the process requirements are (1) free sil-
ica <3 %; (2) free lime <1 %; and (3) free oxygen 
>4 %. It should be noted that excess free lime 
produces insoluble metal vanadates and free sil-
ica forms a low melting oxide complex of Fe, Na, 
and Si (Na2O⋅Fe2O3⋅4SiO2).

8.4.1.4  Process Option #4: 
Preconditioning Followed by 
Carbon Removal and Pressure 
Leaching with Dilute NaOH

This process option (Fig. 8.5) allows the recovery 
of vanadium as V2O5 and zeolitic alumino- 
silicates as final products from flyash and related 
carbon bearing, heat-treated materials. The pro-
cess steps include (1) separation of carbon by 
water addition and multistage screening or flota-
tion; (2) pressure leaching of the carbon-depleted 
flyash with dilute alkali metal hydroxide solu-
tions at elevated temperatures; (3) recovery of 
vanadium from the leach liquor by solvent extrac-
tion, and as an option removal of other value met-
als present in the leach liquor; (4) precipitation of 
vanadium from the strip liquor in solvent extrac-
tion; (5) drying and calcination of the separated 
precipitate to produce pure V2O5 as the final mar-
ketable product; and (6) treatment of the silicates 
in the leach residue separately to produce a zeo-
litic alumino-silicates as the second marketable 

product, adding economic value to the overall 
vanadium recovery process.

The process chemistry and operating condi-
tions for the key process steps are as follows. The 
free-carbon separation may be achieved by 
 grinding the flyash and subjecting the particles to 
multistage screening using conventional equip-
ment or flotation using conventional reagents and 
equipment (e.g., Aunsholt 1984). The pressure 
leaching of the flyash with a dilute alkali such as 
NaOH (0.7 mol/L) or up to 3 mol/L is carried out 
at temperatures between 100 and 300°C. The 
leach liquor with a solution pH in the range of 
8–12.5 (preferably 8.3–10) is typically cooled to 
about 50°C and subjected to solvent extraction 
using a quaternary amine and an oxine in kero-
sene diluent. Any middle phase between the 
aqueous and organic phases in solvent extraction 
is prevented by the addition of a suitable amount 
of modifiers such as isodecanol. The loaded 
vanadium in the organic phase is stripped with a 
sulfuric acid solution. The strip liquor is precipi-
tated with ammonia, filtered, dried, and calcined 
using conventional process steps. The separated 
leach residue is washed and dried.

8.4.1.5 Process Option #5: 
Pyrometallurgical Process 
for Vanadium Recovery as Fe-V Alloy 
from Flyash

A pyrometallurgical process option is described 
in a patent by Goldfarb and Woodroffe (1997), 
and other variations of the process can also be 
found elsewhere (Ye 2006; Xiao et al. 2010). For 
Process Option #5 (Fig. 8.6), the patented pro-
cess was chosen as the process. The process is a 
smelting-reduction process for reducing metal 
oxides, in particular vanadium oxides, present in 
oil and/or coal ash. The smelting furnace is fired 
by natural gas with oxygen or oxygen-enriched 
air. The molten metal layer is masked with a thick 
surface layer of slag to prevent re-oxidation of 
the metals.

This is a high-temperature process, which uses 
two heat sources to heat the ash, coal, and cement 
pellets fed to the furnace. The main source of 
energy is delivered by the top fired burners operat-
ing with natural gas or oil, and an oxidizer gas 
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(air/oxygen). The secondary source of energy is 
derived from the combustion of carbon present in 
the ash or coal. Metal oxides in the mixture 
(oxides of V, Fe) are reduced to molten metals by 
the carbon in the slag layer and by other optional, 
stronger reducing agents such as aluminum. The 
molten metal gravitates to the bottom layer in the 
furnace. The overlying slag layer shields the mol-
ten metal against oxidation by the oxidation atmo-
sphere of the furnace and the burner jets. The 
surface temperature of the slag layer is maintained 
at about 1600°C. The slag constitutes up to 
90 wt% of molten materials. The slag layer (about 
7–12 cm thick), free of vanadium, is withdrawn, 
quenched and packaged for landfill disposal. The 
off gas is cooled with water heat exchangers. The 
carry-over particulates in the cooled gases are 
separated in the hot bag house and recirculated in 
the pelletizer. The molten metal layer is tapped by 
tilting the smelter. The taped ferrovanadium, 
Fe-V, alloy is quenched and packaged in drums as 
product to steel customers.

The pyrometallurgical process is an environ-
mentally friendly process. The slag generated as 
waste being a stable monolith, free of vanadium, 
can be readily disposed of without adverse effects 
to possible water leaching in the landfill sites.

The use of natural gas in the furnace instead of 
electrical energy (conventionally used) has been 
claimed to reduce significantly the cost of Fe-V 
production.

8.5  Process Option Analysis

General Considerations:

• The main marketable products from vanadium 
recovery are Ferrovanadium (Fe-V) alloy and 
vanadium pentoxide (V2O5). It is assumed that 
both products have comparable market 
demand.

• Hydrometallurgical processes for vanadium 
recovery from flyash are considered attractive 
due to the relatively lower operating (energy) 
costs (Mambote et al. 2008).

• The pyrometallurgical process for flyash treat-
ment is an environmentally friendly process. 

The slag being a stable monolith, free of vana-
dium, can be readily disposed without adverse 
effects to possible water leaching in the land-
fill sites.

• It is important to recognize that the design of a 
low cost process for value-added product 
making with attributes such as closed-loop 
processing, which eliminates any harmful 
environmental footprints, would be an essen-
tial approach for the selection of the best pro-
cess option for implementation.

• Alkaline leaching of flyash allows the treatment 
of silicates in the leach residue separately to 
produce a zeolitic alumino-silicates as the sec-
ond marketable product, adding economic value 
to the overall vanadium recovery process.

• The processes selected are capable of produc-
ing marketable vanadium products such as 
regular grade FeV alloy 75–85 % V with high 
Al (1.5 % max) of low Al (0.5 % max), techni-
cal grade V2O5 (83–86 % pure), fused black 
oxide V2O5 (86–92 % purity), or 98–99 % or 
greater purity V2O5, depending on the purifi-
cation route.

8.5.1  Assumptions and Scoring 
Scale for Performance Aspects

8.5.1.1 PA1: Technical

PA1.1: Functionality/Reliability
The performance measures selected for this per-
formance aspect are (1) key process/equipment 
performance, (2) metal removal efficiency, and 
(3) process control and product quality.

The characteristics of acid leaching in Option 
#1 include (1) high acid consumption, (2) a 
requirement for acid-resistant equipment, (3) 
treatment of acidic wastewater effluent, (4) treat-
ment of solid residues before discharge (Long 
et al. 2014), and (5) nearly all metals present in 
the source material are leached with vanadium, 
which would require extensive purification of the 
solution generated in the process downstream in 
order to obtain high purity vanadium pentoxide 
(Lakshmanan et al. 1989).
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Alkaline leaching used in Option #2 results in 
(Long et al. 2014) (1) reduced impurities in the 
leach solution that is beneficial for subsequent 
processing, (2) low requirement for corrosion- 
resistant equipment, and (3) direct discharge of 
water and solid residues after simple treatment. 
High concentration alkaline leaching of flyash 
can recover about 84 % vanadium (Chmielewski 
et al. 1997). However, the residual ash would be 
left with about 15 % nickel, which may not be 

environmentally friendly as such metals can dis-
solve in water and reach the food chain.

Roasting of the source material such as flyash 
with sodium salts (e.g., NaCl) is generally pre-
ferred for high vanadium content ash. The chem-
istry can be complicated as a narrow temperature 
control would be necessary (Guillaud 1975).

The scores assigned to performance aspect, 
PA1.1, for Process Options #1–#5 are “1, 9, 4, 9, 
and 9,” respectively (Table 8.3).

Table 8.3 Performance aspects and measures with scoring, weighting, and ranking for each vanadium recovery option 
from flyash

Performance aspect

Performance measure Process options

#1 #2 #3 #4 #5

PA1—Technical

PA1.1—Functionality/
reliability

– Key process and equipment performance 1 9 4 9 9

– Metal removal efficiency

– Process control and product quality

PA1.2—Technology 
maturity

– Stage of process development 9 9 9 9 9

–  Previous application of the process within the 
industry or other related industry

– Past experience

PA1.3—Design life – Lifetime in years 4 9 4 9 4

PA1.4—Operational – Operator safety 1 9 4 4 4

– Operation monitoring, control and maintenance

– Waste management

PA2—Finance

PA2.1—Payout period – Payback period in years 4 9 4 9 9

PA2.2—Life-cycle cost – Capital 1 4 4 4 9

–  Operating (decommissioning and waste 
management)

PA3—Regulatory/health

PA3.1—Regulator 
acceptance

–  Environmental Impact (human and nonhuman 
biota)

4 4 4 9 9

– Worker health and safety

–  Ability for the process to meet more stringent 
regulatory requirements by changes to processing 
components/steps

PA4—Timelines

PA4.1—Schedule – Process implementation for metal recovery 4 4 4 4 9

–  Process plant refurbishment after the first design 
life

– Decommissioning after final design life

Weighted score (equal weighta) 3.6 5.9 4.3 6.8 8.4

Ranking 5 3 4 2 1

Weighted score (unequal weightb 3.7 6.4 4.5 7.9 8.0

Ranking 5 3 4 2 1

Notes: aEqual weighting of performance aspects (2.5, 2.5, 2.5, 2.5, respectively)
bunequal weighting of performance aspects (4, 1.5, 4, 0.5, respectively)
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PA1.2: Technology Maturity
Technology maturity of the process options is to 
be judged and scored by considering key mea-
sures that include (1) stage of process develop-
ment; (2) previous application of the process 
within the industry or other related industry; and 
(3) past experience with the process. In the pres-
ent evaluation, the chemistry, operation, and 
equipment of all processes have been used in the 
industry in one form or the other for metal extrac-
tions from source minerals or waste materials. 
Some plant applications of the processes have 
occurred in the past for vanadium extraction from 
waste materials including from flyash. However, 
it appears that there are no plants producing 
vanadium from flyash. The assumption here is 
that all process options are well developed and 
are available for deployment when necessary. 
Thus, a score of “9” has been assigned to all five 
options.

PA1.3: Design Life
The single performance measure for the design 
life is lifetime in years. The design life of the 
hydrometallurgical process plants are expected to 
be relatively greater than the pyrometallurgical 
process plants. Thus, a high score of 9 is assigned 
to Process Options #2 and 4, and a score of “4” to 
Option #5. Similarly, for process complexity rea-
sons, Options #1 and 3 are given each a score of 
“4”.

PA1.4: Operational
Operator safety, and operation monitoring, con-
trol and maintenance are important performance 
measures. It is assumed that all process options 
have many common safety aspects built within 
the design and operating procedures. Aspects 
requiring more attention would be preventative 
maintenance and control and adequate operator 
training of autoclaves used for pressure leaching 
in Option #4, high-temperature salt roasting 
equipment in Option #3 and maintenance and 
control related to smelter/furnace, and flu gas 
treatment system in Option #5. The relatively 
large footprint of concentrated H2SO4 leaching 
plant (Option #1) is given a low score of “1” for 
operational aspect, for reasons of (1) large vol-

ume reagent usage, (2) relatively larger volume 
process and effluent stream handling with dis-
solved toxic metals present, and (3) corrosion 
issues associated with equipment and compo-
nents in the process.

The solvent extraction or ion-exchange pro-
cessing steps used in vanadium recovery from 
leach solutions, for example, in Options #1 and 
#4, can result in operational control issues due to 
third phase formation in solvent extraction opera-
tion, and hence loss of efficiency, and similarly a 
limitation on the availability of selective and high 
loading capacity resins in ion exchange.

Additional operational complexities of treat-
ing off gases from Options #3 and #5 and pres-
sure leaching equipment in Option #4 have 
resulted in a medium score of “4” being assigned 
to each of these options (see Table 8.3).

The scores assigned to operational aspect, 
PA1.4, are “1, 9, 4, 4, and 4” for Process Options 
#1–#5, respectively (Table 8.3). A high score of 
“9” for Process Option #2 is mainly to reflect the 
attractive performance measures related to safety, 
maintenance and control and waste 
management.

8.5.1.2 PA2: Financial
The key performance measures are (1) payback 
period in years, (2) capital cost, and (3) operating 
costs that include the standard process plant 
operating cost plus the cost collected now for 
future decommissioning and waste management.

PA2.1: Payout Period
The payback period is defined as the time to 
recover the capital investment associated with the 
implementation of the process option. A relative 
score of 1 or 9 is assigned for payout period if the 
time is greater than or less than, respectively, the 
target payback period of 5 years.

PA2.2: Life-Cycle Cost
Life-cycle cost is an important factor that 
accounts for capital, operating, and all other costs 
such as waste management, plant refurbishment, 
and decommissioning. Determination of the life-
cycle cost at the Stage 1 evaluation would be 
 beneficial in the selection of the preferred option. 
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If sufficient data are not available to perform this 
cost calculation, it must be definitely done prior 
to detailed plant design in Stage 2 evaluation. 
The Option #1 is scored low (“1”) on the basis of 
anticipated high cost of maintenance, high 
reagent cost (as nonselective reaction between 
H2SO4 and all metal oxides in the flyash), effluent 
management, equipment corrosion issues, and 
negative environmental impacts due to nonselec-
tive removal of toxic and other metals present in 
the flyash.

The Option #5 is given a high score of “9” 
because of the simplicity of equipment and pro-
cessing steps, and relatively lower operating and 
waste disposal costs. Considering the attributes 
for low and high scores for Options #1 and #5, 
Options #2, #3, and #4 are assigned a medium 
score of “4”

8.5.1.3 PA3: Regulator/Health 
and Safety

PA3.1: Regulator Acceptance
The success of a process to meet regulatory 
acceptance may be evaluated as measured by 
environmental impact (human and nonhuman 
biota), worker health and safety, and ability for 
the process to meet more stringent regulatory 
requirements by changes to processing compo-
nents/steps.

Handling of V2O5 in plant operation and loss 
of material to the environment can have negative 
impacts on humans and animals. Vanadium as 
V2O5 (CAS No. 1314-62-1) has been classified 
by IARC (IARC 2006) as possibly carcinogenic 
in humans, with inadequate evidence of carcino-
genicity in humans and sufficient evidence in ani-
mals. In a study, inhalation exposure has resulted 
in increased incidence of alveolar/bronchiolar 
neoplasms in mice and male rats but no human 
carcinogenicity data has been reported. V2O5 is a 
respiratory irritant and at high doses can cause 
“boilermaker’s bronchitis.” Workers exposed to 
0.1–0.3 mg/m3 V2O5 for about 6 months have 
reported symptoms of ear, nose, and throat (ENT) 
irritations and exhibited signs of pharyngeal 
infection, etc. (OEHHA 1999).

Ferrovanadium, Fe-V, (CAS No. 12604-58-9) 
is a noncombustible solid but the dusts from the 
alloy can form explosive mixtures in air present-
ing fire and explosion hazard when exposed to 
heat or flame. The dust from Fe-V can be found 
in various sizes and it can enter the environment 
through industrial discharges or spills. Fe-V pro-
duces toxic vanadium oxide gas on combustion. 
It can react violently with strong oxidizers like 
chlorine (Vincoli 1997). Fe-V is generally stored 
at low temperature away from oxidizing agents. 
Health effects include irritation of ENT and 
affected organs are respiratory system and eyes. 
Exposure limits in general industry is 1 mg/m3.

Thus, with regard to health and environmen-
tal aspects, Fe-V may be considered to be rela-
tively superior to V2O5, but for this analysis both 
Fe-V and V2O5 products are assigned a medium 
score “4”.

Chloride salt roasting (Option #3) can cause 
serious environmental pollution with relatively 
toxic gases and waster. In this context, the con-
centrated H2SO4 (Option 1) or high concentra-
tions of caustic soda used in alkali leaching 
(Option #2) can produce large volumes of solid 
and liquid effluents, requiring comprehensive 
effluent management. As a result, a score of “4” 
has been assigned to Options #1, #2, and #3. The 
simplicity of processing steps that include the use 
of relatively less severe chemicals and low efflu-
ent generation in Options #4 and #5 has allowed 
a high score of “9”. The details are summarized 
as follows.

It is expected that the regulator would view 
several characteristics of the selected process 
options favorably. However, certain features 
would be also looked upon not so favorably. For 
example:

• Option #1 nonselectively dissolves most metal 
oxides from flyash into solution, creating tox-
icity issues with regard to liquid effluent dis-
charges. The solid residues require extensive 
treatments for safe management. Corrosion 
and spills related too large amounts of concen-
trated sulfuric acid would pose additional 
focus on safety of operating staff.
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• Option #2 has some selectivity for vanadium 
leaching and use of caustic soda results in less 
corrosion and other operator safety issues. 
Proper treatment of the solid residue free of 
vanadium allows the production of another 
marketable product, a zeolitic material, which 
would minimize the amount of effluents to be 
managed. However, this aspect is not included 
in this process option.

• Option #3 involves oxidative roasting of the 
ash containing free carbon or no carbon at 
high temperatures, which can emit toxic gases 
requiring proper off gas treatment. But the 
leaching of the residue with water or dilute 
alkali ensures removal of vanadium easily. 
Equipment control and adequate maintenance 
are essential components of the reliability of 
the process.

• Option #4 has a room temperature physical 
separation step to remove free carbon, if pres-
ent, and employs pressure leaching at moder-
ate temperatures with dilute alkali. The use of 
established autoclave technology allows effi-
cient extraction of vanadium. The marketable 
zeolitic alumino-silicates by-product pro-
duced by a simple physical treatment is an 
added feature that reduces environmental dis-
charges and can offer favorable economics.

• Option #5 is considered to be a favorable pro-
cess in most performance aspects except 
design life and operational aspects. The less 
number of processing steps and a small foot-
print for easy construction and decommission-
ing make this option very attractive. Effluent 
generation is insignificant and the stable slag 
produced in the furnace can be readily dis-
posed of in landfills.

For reasons discussed above, the performance 
aspect of regulator acceptance is given a score of 
“4” with regard to Options #1, 2, and 3, and a “9” 
for Options #4 and #5.

8.5.1.4 PA4: Timelines
The schedule/timelines for (1) process imple-
mentation for metal recovery, (2) process plant 
refurbishment after the first design life, and (3) 
decommissioning after final design life are key 

measures that can have a significant impact on 
obtaining regulatory approvals, firming up 
financing arrangements and keeping costs under 
control. The relative differences for these factors 
among the various process options can also deter-
mine in concert with other performance aspects 
the selection of the preferred process. In the 
absence of adequate data to support differences 
among the five options, a score of “4” has been 
assigned to all five process options.

8.5.2  Overall Analysis: Ranking 
of Process Option

The scores are summarized in Table 8.3. If the 
weights are assigned to the performance aspects, 
then overall scores can be deduced to arrive at a 
ranking of the options. If equal weights are 
adopted for the main four performance aspects 
(2.5, 2.5, 2.5, 2.5), as shown in the bottom part of 
the table, Option #4, (a hydrometallurgical pro-
cess involving a physical carbon removal step 
followed by pressure leaching with dilute alkali 
for extraction, and solvent extraction, precipita-
tion and calcination for the purification of V2O5) 
and Option #5 (comprising a pyrometallurgical 
process to produce FeV as the final product) rank 
high compared to other process options. To assess 
the sensitivity of weighting on the performance 
factors, an arbitrary unequal weighting of the 
four performance aspects (4, 1.5, 4, 0.5) was cho-
sen. If unequal weights are used and the technical 
and regulatory aspects are given significantly 
more importance (“4” each) than other perfor-
mance aspects with finance as the second most 
important aspect, then again Options #4 and #5 
appear to surface as the most attractive options.

The advantage of the proposed methodology 
is that the impact on all key performance aspects 
for the different process options are all consid-
ered and supported as much as possible either 
conceptually or based on past experience (and 
quantified if adequate data are readily available) 
and assembled in a single table to enable the 
effect of weighting to be easily assessed. Also, 
the effect of a change in any one score on the 
overall ranking can be easily assessed. This has 
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the benefit of focusing actions to arrive at a short 
list of the best-preferred options. For example, if 
technical and life-cycle cost effects can be favor-
ably brought to Options #4 and #5 through inno-
vative developments, even Option #1 could jump 
to the short list of best options for detailed evalu-
ations in Stage 2 analysis.

Thus, based on assigned weights and esti-
mated scores for the impact on performance 
aspects, the Process Options #4 and #5 can be 
short-listed for consideration in the second-stage 
analysis.

8.6  Path Forward: Next Stage 2 
Process Selection Analysis 
and Implementation

The short-listed options from the first-stage anal-
ysis will have to be further evaluated through a 
detailed calculation of the impacts to arrive at the 
best process option.

In the second-stage analysis, quantitative 
information for the various performance factors 
will be obtained for each of the short-listed pro-
cess options. For example, sufficiently detailed 
analysis of the following items will be made. 
They include (1) performance data for the short- 
listed processes by tests at a suitable scale to 
obtain and verify design and operating informa-
tion, (2) a detailed evaluation of the applicable 
environmental regulations and its impacts, (3) 
design of the short-listed process plants, and (4) 
estimation of the capital and operating costs of 
the plants including the life-cycle costs. The 
detailed data will be used to develop appropriate 
scoring scales for each of the performance 
measures.

The methodology used for the Stage 1 analy-
sis will be repeated with the new data for the 
short-listed options. A parametric sensitivity 
analysis of all performance factors (performance 
measures and performance aspects) will be car-
ried out with the revised scores in an iterative 
manner, as necessary.

At this stage, other performance factors should 
also be considered prior to taking the final deci-

sion for the implementation of the selected best 
process option. The other performance factors 
may include:

• Capital availability and return on investment 
tolerances

• Market process swings for the products pro-
duced by the selected process

• Market size ranking
• Emerging regulatory and sustainability issues

Some of the above aspects including technol-
ogy maturity have been discussed recently (King 
2014) in conjunction with a retrospective SWOT 
analysis for new processes for metal production. 
In addition, certain nontechnical questions that 
may be asked and accountable in the project 
implementation (King 2014) may include:

• Why are we doing the project? (Question at 
the project beginning and end)

• Is this a legacy project? (Determine if political 
or personal agenda overruling standard techni-
cal and engineering practices)

• Is the project repeating history? (Substantiate 
if the project is different from similar projects 
which have failed)

The results will be compared between the 
short-listed process options ,and the best pre-
ferred process option will be selected for imple-
mentation. It should be noted that the Stage 2 
evaluation will require considerable efforts 
involving process plant design, cost estimation, 
and impact analysis pertaining to health, safety, 
and environment. Evidently, there is sufficient 
incentive to select a minimum number (e.g., 2 or 
3) of the short-listed options from Stage 1 analy-
sis. It is for this reason that adequate consider-
ations of all available process options and 
performance factors should be identified and ana-
lyzed without bias or a priori judgement in the 
Stage 1 evaluation.

As stated earlier in Sect. 8.2, a detailed Stage 
2 evaluation and demonstration of the methodol-
ogy is beyond the scope of the current objectives 
and will not be pursued further.
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8.7  Summary

• A structured first-stage evaluation of five pro-
cess options for the recovery of vanadium 
from flyash as the source material to produce 
a marketable quality product, Fe-V or V2O5, 
was evaluated to select a short list of the pre-
ferred options. To achieve this goal a set of 
performance aspects and the related perfor-
mance measures were used. On the basis of 
equal weighting factor for the different perfor-
mance aspects, and scoring and ranking, two 
process options from among the five initial 
options considered were selected for the next- 
stage detailed analysis and to select the best 
option for implementation.

• If the weights for performance aspects are 
selected and fixed, a short list of options can 
be deduced for detailed evaluation of impacts 
on the performance aspects to arrive at the 
best option.

• The vanadium recovery example discussed to 
illustrate the process selection methodology 
should be viewed only as an exercise to illus-
trate the approach. The goal was not to recom-
mend or endorse with special interests any one 
process.
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9.1  Introduction

Competition among mining companies focuses 
on cost-effectively out-producing the other. In the 
past competition has largely centered on access-
ing and developing the most favorable ore bodies. 
However, successfully competing is particularly 
challenging given the new realities of declining 
ore grades, increasingly complex ores, deeper ore 
bodies, lack of infrastructure and a trending sus-
tainable development imperative to reduce water 
and energy usage, decrease waste production and 
minimize the carbon footprint. To remain com-
petitive by overcoming these challenges necessi-
tates an aggressive innovation approach (Hedges 
and Lloyd 2010; Stacy 2012; NRC 2002) toward 
metallurgical processing.

Metallurgical processing has constantly 
undergone changes as companies and organiza-
tions comprising this segment of the mining sec-
tor introduce uses for technologies developed for 
other applications (NRC 2002) and modify exist-
ing unit processes. These innovations are gener-
ally aimed at incremental or evolutionary, 

short-term (less than 3 years), operational 
improvements to increase productivity, reduce 
operating costs, and reduce capital expenditure 
(Stanway and Andrew 2014; Thompson 2014). 
Occasionally, however, a transformative, or revo-
lutionary, discovery is made that fundamentally 
alters the way some aspect of metallurgical pro-
cessing is done and which has a significant eco-
nomic benefit.

Innovations in metallurgical processing ema-
nate from many sources: mining companies; 
equipment manufacturers; chemical suppliers; 
engineering technology and services companies; 
government laboratories; metallurgical contract 
laboratories; universities; high technology firms; 
and independent consultants. Many evolutionary 
and revolutionary discoveries made by these enti-
ties are held by the inventors as intellectual prop-
erty. In some cases, however, details of the 
innovations are published in the public domain, 
which diminishes the likelihood of others patent-
ing the new process, machine or improvement.

This chapter discusses why innovation is vital 
to sustain a vibrant metallurgical processing 
industry; considers the research and development 
(R&D)/technology/innovation continuum; exam-
ines sources of innovations in metallurgical pro-
cessing and strategies employed by various 
sectors of the industry to innovate and protect 
intellectual property; and looks at the challenges 
and barriers to develop and protect processing 
technology.
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9.2  Importance of Innovation 
to Metallurgical Processing

9.2.1  The Innovation Imperative

For mining to remain a vibrant industry in the 
face of intensifying challenges (Gleason 2015) 
innovation is not a luxury, but a necessity. 
Metallurgical processing imperatives the mining 
industry must accomplish are:

• Effectively treat low ore grades: It costs more 
to process low grade ores, because more mate-
rial must be handled, requiring more energy 
and costs per unit of value. To cost-effectively 
respond to this challenge innovations are 
needed in materials handling equipment, sen-
sors allowing more selectivity so less rock is 
moved, and metallurgical processing methods 
that are more productive (Thompson 2014).

• Process mineralogically complex ores: To suc-
cessfully process complex ores requires new 
metallurgical processes including less energy 
intensive comminution methods, advancements 
in liberation technology, innovative physical 
separation technologies, novel processing 
methods that use nontoxic, efficient lixiviants, 
and improved solution purification and concen-
tration technologies (Gentry 1998; NRC 2002).

• Access deeper ore deposits: These deposits 
can no longer be cost-effectively mined by 
conventional open-pit or underground mining 
techniques because of depth. In situ mining is 
an alternative and, although this process is 
principally used for extraction of water- 
soluble salts, brine, sulfur, and uranium 
(World Nuclear Association 2014), it has been 
demonstrated for copper oxide leaching 
(USBM 1989; NRC 2002). In situ mining is 
currently proposed for at least one copper 
oxide mine site. For in situ mining to be effec-
tively employed for the deep deposits cur-
rently being identified as resources, the 
technology must be applicable not only to 
metal oxides but also to sulfide ores. This 
presents unique technological challenges that 
can only be met with innovation (Gentry 1998; 

NRC 2002): fracturing and rubblizing meth-
ods need to be perfected to employ at depth; 
techniques must be developed to increase the 
permeability of the fractured rock enabling 
effective contact of leach solutions and micro-
organisms with metal-bearing sulfide miner-
als; sensors for real-time monitoring of rock 
fracturing and solution flow are needed to 
monitor reagent effectiveness and solution 
flow at depth; and operational control tech-
nologies to protect the environment are 
required. Some of these advancements may be 
adapted from other applications such as 
hydraulic fracturing and horizontal drilling 
currently used by the oil and gas sector. Others 
may eventually be adopted as developments in 
advanced materials engineering, robotics and 
electronics emerge.

• Operate in remote areas with a lack of infra-
structure: The remote location of deposits and 
lack of accessibility, power, and trained per-
sonnel impose limitations on the size and 
complexity of processing operations. 
Consequently, these remote locations have 
excessively high capital and operating costs. 
Innovations relating to materials transporta-
tion, waste rock removal at the source, and the 
start-up of small, modular processing plants 
are necessary to cost-effectively initiate and 
operate remote plants.

• Diminish water use and treat saline/brackish 
water: Hydrometallurgical processes require 
large quantities of water (Roberto et al. 2013). 
Most of the world’s largest crushed ore heap 
leach and stockpile leach operations are 
located in high desert regions (Brierley and 
Brierley 2013; Schippers et al. 2014) where 
evaporative losses are high, water is scarce, 
and salinity of existing groundwater supplies 
is an issue. Water conservation measures, such 
as heap covers that reduce evaporative losses 
and desalination technology to treat poor- 
quality groundwater and seawater, are cur-
rently used. However, additional technology is 
needed to reduce water usage, enable greater 
recycling of process water, treat poor quality 
groundwater, improve and reduce the cost of 
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desalination and routinely use brackish or 
saline water in metallurgical processing.

• Minimize energy use: Metallurgical processes 
generally have high energy requirements 
(Roberto et al. 2013). Among the processing 
activities, comminution, pressure leaching, and 
electrowinning are the most energy intensive, 
but also consuming energy are pumping, agita-
tion, drying, and material movement including 
air mass transfer. The biggest gains in energy 
reduction would likely come from innovations 
in comminution, such as selective blasting 
(Thompson 2014). Innovations in energy man-
agement, such as fuel substitution, renewable 
energy use and integration, electrical grid opti-
mization, variable speed motor use, and plant 
energy use efficiency, must become standard 
features in modern operations.

• Reduce waste: Advances have been made in 
disposal of wastes produced from mining and 
metallurgical processing activities. Mine 
backfill of tailings is possible with develop-
ments in thickening. New uses have been dis-
covered for some tailings (e.g., construction 
materials from clay-rich tailings and manga-
nese tailings; raw material for glass, ceramics 
and bricks from bauxite red mud). Slag is used 
for road construction and in concrete and 
cement. Water treatment sludge that is high in 
iron is used in pigments. Sulfur emissions 
from smelters are converted to sulfuric acid 
for other industrial uses. However, new uses 
for metallurgical wastes could be discovered 
with research and development.

• Other approaches to reducing waste are: 
development of novel hybrid flow-sheets 
merging physical, chemical, and bioprocess-
ing methods to avoid repetitive stages of the 
same process; discovery of selective leaching 
agents for dissolution of desired metals while 
minimizing the solubilization of impurities; 
and advances in separation technologies that 
avoid disposal of valuable or problematic con-
stituents (Gentry 1998). Major progress in 
waste reduction will happen in mining with a 
changeover from open-pit/surface mining to 
underground mining, with a focus in mining 
all the ore and only the ore, minimizing 

 dilution. This focus will result in smaller 
crushing and grinding plants, reduction of 
energy consumption and waste generation. In 
situ mining, when developed and perfected for 
comprehensive use with metal sulfide ores, 
will have a major impact on decreasing waste 
from metallurgical processing (NRC 2002).

• Continue to improve health and safety: Health 
and safety are already the highest priorities in 
mining and metallurgical operations and 
improvements are always being pursued. 
Innovations in automation would limit the 
number of workers in metallurgical process-
ing thus improving safety. New nontoxic lix-
iviants would provide a healthier and safer 
work environment (NRC 2002; Thompson 
2014). In situ mining and metallurgical pro-
cessing in the subsurface would eliminate 
many health and safety hazards that currently 
exist in aboveground processing.

• Address increasing global population uncer-
tainties: A growing global population, expected 
to reach 9.6 billion by 2050, poses an opportu-
nity as well as a threat for mining (NRC 2014). 
The burgeoning population envisions a higher 
standard of living than they currently have, as 
more and more people join a global middle 
class. The demand for subsurface resources 
will escalate to keep pace with the manufactur-
ing of goods and products for the expanding, 
global middle class. There is an expectation 
that the mining industry can meet this demand.

• Mining activities currently disturb about 1 % 
of the earth’s surface (Gleason 2015), but as 
population mushrooms, it is expected that 
people will increasingly encroach on existing 
and future mine sites. This imposes greater 
social responsibility and environmental 
awareness on the part of mining enterprises 
(Gentry 1998) as the industry faces increased 
scrutiny exacerbated by the influences of 
social media (Gleason 2015). An important 
element of securing a social license to operate 
is to transform through technology. 
Innovations are necessary to appreciably min-
imize the footprint of mining operations. 
Moving metallurgical processing to the sub-
surface is one option to accomplish this.
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• Reduce carbon footprint: One focus of the 
sustainable development imperative is reduc-
ing the carbon footprint of mining operations. 
Innovations that decrease energy use in met-
allurgical processing will have a substantial 
bearing on this aspect of sustainable develop-
ment (Hedges and Lloyd 2010; Adey et al. 
2011). Furthermore, the increased use of 
renewable fuels and energies, the ability to 
minimize the use of limestone by reducing 
the generation of acid throughout the process 
and innovative processing of high-carbonate 
ores will achieve a major reduction in green-
house gases.

9.3  Sources of Innovation 
in Metallurgical Processing, 
R&D/Technology/Innovation 
Continuum and the Role 
of Intellectual Property

9.3.1  Sources of Innovation

Evolutionary innovations in metallurgical pro-
cessing tend to come from within the mining 
industry itself. These are typically stepwise devel-
opments in existing unit processes (Batterham 
and Algie 1995; McNulty 1998) and also include 
the introduction of novel ways of combining unit 
operations. Most innovations in metallurgical pro-
cessing are evolutionary.

Revolutionary or disruptive/transformative 
innovations, which are less common, are more 
likely to come from equipment manufacturers, 
chemical companies, engineering technology and 
services suppliers, government laboratories, met-
allurgical contract laboratories, universities, high 
technology companies often supported by ven-
ture capital, and occasionally independent con-
sultants (McNulty 1998; Brierley 2008) or from 
industries other than mining. There are several 
reasons why innovations come from these enti-
ties: large equipment manufacturers and chemi-
cal and engineering technology suppliers 
typically have large R&D budgets—10–100 
times those of mining companies on a percent of 

revenue basis (Stanway and Andrew 2014); for 
most of these businesses new products, new 
equipment and novel services are central to their 
business existence; and for government laborato-
ries and universities R&D and innovation are 
fundamental mandates for existing. Operating 
mining companies, however, occasionally dis-
cover and implement transformative, innovative 
technologies. The introduction of revolutionary 
innovations into metallurgical processing is espe-
cially risky, because of the unproven nature of 
novel technology, the length of time required to 
substantiate the benefits of the innovation, the 
very large scale of most metallurgical operations, 
and the disruption to operations that introducing 
an innovation may cause (Marsden 2004; 
Thompson 2014).

9.3.2  R&D, Technology, 
and Innovation 
in Metallurgical Processing

“Innovation,” “technology,” and “R&D” are dis-
tinctive, complementary elements in the integrated 
process of improving metallurgical processing.

Innovation is the process of bringing a new 
idea, new product, new method, etc. to an appli-
cation, adding significant value. An innovation is 
sometimes referred to as an invention, a narrower 
term which in US patent law is defined as a new, 
useful process, machine improvement, etc. 
(Dictionary 2014a). An innovation doesn’t have 
to be new to the world only new to the enterprise 
or operation that applies it and it doesn’t neces-
sarily have to be a technology (Batterham and 
Algie 1995). Innovations in metallurgical pro-
cessing can be described as discovering some-
thing new, which may be an entirely novel 
process, a new development within an established 
unit process, a new type of processing equipment 
or novel improvements in existing processing 
equipment (McNulty 1998). It may be simple as 
a small change in process conditions that leads to 
significant improvements in the process. In a 
broader context innovation can even involve a 
new business model that comprises commercial, 
organizational, and technological elements 
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(Stanway and Andrew 2014). Innovation is what 
gives a mining company a competitive advantage 
(Batterham and Algie 1995).

Technology, on the other hand, is the applica-
tion of engineering or applied science knowledge 
for practical purposes (Google 2014a; Dictionary 
2014b). Innovations that have been developed for 
metallurgical processing by applying engineering 
or applied science principles are usually referred 
to as “technical or technological innovations.”

Research and development (R&D) in industry 
is work directed toward innovation and the intro-
duction and improvement of products and pro-
cesses (Google 2014b). R&D and innovation are 
integral parts of the same continuum, although 
innovation can take place in the absence of R&D.

Some metallurgical processing examples 
serve to clarify the definitions of innovation, 
technology, and R&D:

• Flash-converting: Development of Flash- 
Converting was carried out via a joint devel-
opment effort, in which Outotec’s (previously 
Outokumpu) flash smelting technology was 
combined with Kennecott Utah Copper’s 
(KUC) solid matte-oxygen converting innova-
tion (George and Richards 1983) to create the 
Kennecott-Outotec Flash-Converting techno-
logical innovation. This innovation set a new 
global benchmark for converting efficiency, 
energy effectiveness, environmental compli-
ance, and operator safety. This technological 
innovation has become a global commercial 
success through a joint Kennecott-Outotec 
licensing agreement. Flash-converting is a 
technological innovation—an entirely new 
process—that emanated through R&D and 
technology contributions from two compa-
nies—a mining company and a technology 
company.

• Pressure oxidation to leach copper sulfide 
concentrate: Pressure oxidation technology 
that uses high temperature and high pressure 
to oxidize sulfide minerals to sulfate and sul-
furic acid is not new because there have been 
industrial plants in operation in the USA since 
the 1950s. However, Phelps Dodge (now 
Freeport McMoran, Inc.) revived pressure 

oxidation technology in the early part of the 
2000s at the company’s Bagdad, Arizona 
operation to treat copper concentrates. The 
process stream from the autoclave is com-
bined with effluent solution from stockpile 
leaching and directed to the solvent extrac-
tion/electrowinning (SX/EW) circuit for cop-
per recovery. The acid generated from the 
autoclave process is recycled to the stockpile 
via the SX raffinate to derive the acid credit 
(Dreisinger 2006). This is an innovation 
because it represents new developments 
within established unit processes—the com-
bining of pressure oxidation, stockpile leach-
ing, and SX/EW—to add value.

• Continuous stirred-tank biooxidation of base 
and precious metal sulfide concentrates: In 
the late 1970s Gencor Process Research, 
Johannesburg, South Africa, researched and 
developed biological processing of gold con-
centrates in which the precious metal was 
embedded in a sulfide mineral matrix. The 
biooxidation process releases the gold from 
the matrix enabling significant improvement 
in precious metal recovery using cyanide. The 
process was scaled-up and pilot tested at the 
Fairview Mine in South Africa, leading to the 
development of the BIOX™ technology (van 
Aswegen et al. 2007). The technology was 
subsequently transferred to Billiton plc during 
a corporate reorganization and licensing of the 
BIOX™ innovation was initiated. R&D con-
tinued to develop the process for base metal 
sulfide concentrates resulting in the BioCOP™ 
and BioNIC™ technologies. During another 
reorganization the BIOX™ technology was 
transferred to Gold Fields plc where licensing 
continued. The BioCOP™ technology was 
transferred to BHP-Billiton where the Alliance 
Copper Joint Venture, established between 
BHP-Billiton and CODELCO, demonstrated 
the BioCOP™ technology near Chuquicamata, 
Chile, in a 20,000 tonne/day copper cathode 
plant (Dreisinger 2006). The BIOX™ techno-
logical innovation is now licensed to mining 
companies throughout the world by BIOMIN 
South Africa (Pty) Limited, the sole owner of 
the technology. BIOMIN also licenses base 
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metal sulfide concentrate bioprocessing. 
BIOX™, BioCOP™, and BioNIC™ illustrate 
a sustained research and development effort, 
are extensively patented and are trademarked. 
BIOX™, which has been in commercial use 
since 1986, is an engineered industrial process 
representing a new metallurgical processing 
method and is an innovation because it gener-
ates value in its application.

9.3.3  Intellectual Property 
in Metallurgical Processing

Common types of intellectual property (IP) rights 
include patents, copyrights, industrial design 
rights, trademarks, trade dress, and, in some 
jurisdictions, trade secrets. Industrial design 
rights, which protect the visual design of objects 
(Wikipedia 2014a), and trade dress, which refers 
to visual appearance characteristics of a product 
or its packaging or the design of a building 
(Wikipedia 2014b), are not common types of 
intellectual property in metallurgical processing. 
The metallurgical processing sector typically 
protects innovations with patents, copyrights, 
trademarks, and trade secrets/confidential infor-
mation, as illustrated in Sect. 9.3.2. Trade secrets, 
sometimes referred to as confidential informa-
tion, include an invented formula, practice, pro-
cess, design, instrument, pattern, commercial 
method, or compilation of information which is 
not generally known or reasonably ascertainable 
by others and can provide an economic advan-
tage over competitors (Lin 2012; Wikipedia 
2014c). Trade secrets, however, do not protect 
against independent discovery by others or from 
inadvertent disclosure. Trade secrets do not pro-
vide a company with exclusive rights to a tech-
nology or innovation (Ferraloro et al. 2012).

Some mining companies choose to fully dis-
close innovations by publishing details of the 
invention in a widely disseminated, international 
technical journal. Reasons for publishing this 
information vary, but can be because the company 
wants to safeguard its rights to use the innovation 
without concern that it might be discovered and 
patented by a competitor or some other organiza-

tion. The inventing company may not have the 
resources—financial or otherwise—to patent the 
innovation and protect the IP going forward. The 
principal risk in disclosing the innovation through 
publication is that some detail may have been 
omitted or the information that was published 
may give others ideas for patentable concepts or 
ways of circumventing the published invention.

9.3.4  Competitive Advantages 
of Innovation and Intellectual 
Property

Companies that successfully implement new 
developments to meet emerging challenges ben-
efit by achieving a competitive advantage within 
the mining sector. They accomplish this by 
effecting certain strategies (Marsden 2004; 
Hedges and Lloyd 2010; Ferraloro et al. 2012; 
Stanway and Andrew 2014).

Protect the innovation from competitors. This is 
typically accomplished by patenting the innova-
tion whether it is a processing technology, equip-
ment, reagent, or software. Patenting protects the 
innovation for up to 20 years and provides a com-
petitive edge. Typically not every detail of the 
innovation is included in patent applications and 
issued patents, as some know- how, operational 
expertise, and other information are retained as 
trade secrets and confidential information. 
However, in the mining industry it is difficult to 
retain trade secrets and proprietary information 
for long periods because of movement of people 
among companies, the generally open communi-
cation even among competitive companies, and 
in some cases alliances between competitors on 
specific projects and operations.

Apply the innovation more rapidly and better than 
competitors. A significant competitive advantage 
can be realized by being first to employ a new 
innovation, particularly one that offers increased 
productivity and reduced capital and/or operating 
costs. However, the potential downsides of being 
first are the issues often associated with imple-
menting new technologies at scale, which may be 
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avoided by being a “fast follower” when it comes 
to incorporating innovations (Marsden 2004). It is 
possible to mitigate some problems associated 
with implementing new technologies by complet-
ing a detailed evaluation of the mineral resource, 
having highly qualified technical people and a 
committed senior management, developing a real-
istically implementable flow sheet for processes, 
confirming the innovation does not infringe on 
other patents (freedom to operate), and assuring 
the innovation is environmentally compliant 
(Canterford 2011). Patenting technology does not 
give a right to use that technology, but rather gives 
a right to prevent others from using it, hence the 
need to ensure that there is freedom to operate 
technology being adopted.

Use innovation for a greater proportion of over-
all resource production than competitors. The 
more broadly the innovation is applied across the 
company’s operations, the greater will be the 
advantages, be those increased production or 
greater cost savings (Marsden 2004).

Achieve more value than competitors. This may 
be attained by employing an innovation on a 
resource that doesn’t respond well to existing 
technology, so more of the resource can be pro-
cessed by the innovation or more metal can be 
produced. Greater value can also be attained by 
synergies between existing processes and new 
technologies. The by-product from the innovative 
process applied to a mineral resource may be 
beneficial for an adjacent resource or process 
(Marsden 2004). This is exemplified in the pres-
sure oxidation/SX-EW/stockpile leach innova-
tion described in Sect. 9.3.2.

Motivate people. Implementing innovations 
excites and inspires technical and operating 
employees, particularly when the technology is 
strongly supported by senior management of the 
mining company. Employees feel empowered and 
know they are creating value (Marsden 2004).

Provide value through business partnerships and 
increased share prices. The ownership of a novel 
technology can generate significant value in a 

company by creating a sizeable interest from the 
broader industry and providing opportunities for 
business partnerships. It is recognized in invest-
ment circles that there is a close relationship 
between innovative companies and high profit-
ability; this is clearly reflected in the share price 
of innovative companies compared to peers.

9.4  Overcoming Barriers 
to Intellectual Property 
Development 
and Technology 
Implementation 
in Metallurgical Processing

The need for innovation in metallurgical process-
ing is recognized as vital to the success of the 
mining industry (Stanway and Andrew 2014; 
VCI 2014; Gleason 2015). Despite this realiza-
tion, there are numerous barriers or impediments 
associated with R&D, technological develop-
ment, the introduction of innovation into metal-
lurgical processing, recognizing innovation, and 
protecting inventions. These barriers impact not 
only mining enterprises but also companies and 
organizations involved in developing new tech-
nologies for metallurgical processing. There are, 
however, approaches that can be taken to over-
come these barriers.

9.4.1  Barriers to Metallurgical 
Processing Innovation 
and Intellectual Property 
Development

There are various obstacles to innovating in met-
allurgical processes and protecting the inventions 
that emanate from technological developments. 
Some of these barriers are discussed below.

Introducing innovations into large scale opera-
tions. Introduction of novel processes into metal-
lurgical operations that involve tens of thousands 
of tonnes of material daily is daunting. The risk 
to the mining company of introducing something 
new that has large infrastructure requirements 
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and costs is often deemed too onerous to even be 
considered by operators (Stanway and Andrew 
2014; Thompson 2014).

Cost of introducing an innovation. The capital 
invested in major operations is very large—hun-
dreds of millions of dollars is commonplace—so 
introducing an innovation into such a capital- 
intensive business is often viewed as too risky 
(Thompson 2014). The introduction of revolu-
tionary/disruptive/transformative innovations 
into metallurgical processing is particularly risky 
because of possible process upsets and distur-
bance to the overall mining operation. Risk can 
be managed, but this takes time, additional costs, 
and intellectual efforts (Marsden 2004).

Demanding physical condition. The metallurgi-
cal processing environment is demanding and the 
risk of failure of a new process in this environ-
ment is high. Consequently, operators are reluc-
tant to take a chance on something that may fail 
(Thompson 2014).

Proving new technologies at scale is difficult. 
Some organizations, particularly universities, 
small high technology companies, and govern-
ment laboratories involved in innovative metal-
lurgical processing technologies, may have tested 
the new process at small scale on a limited num-
ber of ores or on nonrepresentative samples. 
Consequently, the innovation may be of ques-
tionable technical and commercial value. These 
organizations typically have no access to a mine 
site to pilot test or demonstrate a technology for 
metallurgical processing. They often have lim-
ited finances, technical expertise, and abilities to 
achieve commercial status of their technological 
development. Consequently, these organizations 
become dependent on selling know-how rather 
than metallurgical processes (Brierley 2008; 
Canterford 2011).

Collaborating with a mining company early 
on in the innovation process is prudent for uni-
versities, high technology companies, and gov-
ernment laboratories. The mine operator can 
provide representative samples, process water 

(when important to the innovation) and important 
input on flow sheets during the R&D phase. 
Because of the involvement, the operating com-
pany may have sufficient interest, confidence, 
and understanding of the value of the innovation 
to want to pilot test the process on-site. However, 
collaborating doesn’t necessarily guarantee the 
operating mining company will evaluate the 
innovation in the field because doing so may dis-
rupt production, be too costly, or, in the mining 
company’s view, simply not worth the effort and 
risk (Brierley 2008; Canterford 2011; Thompson 
2014).

Marginalizing innovations of small companies. 
Mining companies are more likely to turn to off-
the-shelf technology rather than risk incorporat-
ing innovative products and services from small 
companies. The reticence largely stems from 
concern by mining companies that small compa-
nies lack the financial and technical resources to 
successfully roll out innovations in large mining 
operations (VCI 2014). By the same token the 
expectations of some small high technology 
companies may be too high (Brierley 2008). Lack 
of crucial insights of the metallurgical processing 
sector can blind high technology companies to 
the real value of their innovations (Stacy 2012). 
The innovation may be one unit process among 
several and placing a value on that one innovation 
can be difficult. High technology companies may 
have outside investors, who demand a rapid and 
high return on their investment. Consequently, 
the time frame to incorporate a new innovation 
into a metallurgical operation and the real value 
of the innovation may not be aligned with the 
expectations of the investors, particularly inves-
tors accustomed to the high returns of inventions 
introduced into the biotechnology and informa-
tion systems sectors (Brierley 2008).

Resisting innovative approaches from outside the 
industry. The mining industry is not completely 
comfortable with or accustomed to seeking new 
technologies or ideas from outside of the industry 
(VCI 2014)—a concept known as “open innova-
tion.” Open innovation in the mining sector 
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entails looking for external ideas well beyond the 
typical suppliers of metallurgical processing 
technology and services. Open innovation, how-
ever, is used by the parallel resource sector—
petroleum—and by other industrial sector 
companies. Possible reasons why the mining 
industry is uncertain about open innovations may 
be related to questions about intellectual prop-
erty, the value of the innovations, and the lack of 
understanding about how, when, and where to 
use the innovation (VCI 2014). There may also 
be a cultural barrier—that is, the mining industry, 
unlike many other industrial sectors, is simply 
not accustomed to looking beyond its own 
domain for novel ideas.

Quantifying the benefit of a new technological 
innovation can be difficult. Production data are 
erratic because of changes in ore grade and min-
eralogy. Consequently, it may be difficult to 
detect and quantify improvements achieved by a 
new technology (Napier-Munn 1998).

Innovating within an operating mining company 
presents a unique set of challenges. The boom 
and bust, cyclical nature of the mining industry is 
a serious detriment to pursuing technological 
development endeavors within a mining com-
pany. When metal prices decline, R&D and inno-
vative pursuits are abandoned in cost- cutting 
measures and technical expertise is lost in layoffs 
(Gentry 1998; Stanway and Andrew 2014). 
Layoffs sometime mean that competitors will 
gain from the R&D, when the individuals 
involved in the technological development move 
to another company, which capitalizes on the 
knowledge.

Mining companies often don’t align the R&D 
process to an overall strategy to increase profit-
ability, don’t phase the innovation process appro-
priately to capitalize on interim successes and 
don’t always manage R&D outcomes well. If the 
innovation process doesn’t have an in-house 
champion within the executive leadership ranks, 
preferably the company’s CEO, the effort is des-
tined for failure. The R&D effort will eventually 
lose alignment with the company’s strategy and 

the effort will lack support at the top level of the 
company when there is a business downturn 
(Napier-Munn 1998; Ferraloro et al. 2012; 
Stanway and Andrew 2014; VCI 2014).

In some cases mining companies and other 
businesses involved in innovating for metallurgi-
cal processing don’t recognize the value of their 
discoveries and consequently don’t protect it 
adequately. Learning to identify and value an 
innovation are important skills that need to be 
acquired (Stacy 2012; Taberer 2012).

Other difficulties in implementing metallurgi-
cal innovations in the mining sector revolve 
around: change in management, lack of support 
from management at the mine site, or both; tech-
nologies not ready for implementation; and lack 
of support from the innovator (Stacy 2012).

9.4.2  Overcoming Intellectual 
Property and Innovation 
Roadblocks in Metallurgical 
Processing

“Transformational innovation” is broadly recog-
nized by mining executives and others as key to 
the success of the industry to effectively operate 
in the future (Stanway and Andrew 2014; 
Thompson 2014; Gleason 2015). Successful 
introduction of innovations and management of 
intellectual property necessitate overcoming the 
barriers outlined above. Approaches to surmount-
ing these impediments related to metallurgical 
processing innovation and intellectual property 
are achievable, but many approaches require 
important changes in the way the mining industry 
does business.

Organize and drive innovation from the top. The 
CEO of a mining company must be the command-
ing leader and champion of R&D for innovation to 
be successful within the company. The CEO and 
the executive leadership must link the develop-
ment of innovations to the company’s overall busi-
ness strategy and a future vision. The executive 
management is responsible for protecting R&D 
efforts from business down cycles that often 
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 eliminate such programs and to spread the future 
vision by engaging and empowering all parts of 
the organization to implement new developments 
(Batterham and Algie 1995; Ferraloro et al. 2012; 
Stanway and Andrew 2014; VCI 2014).

Develop strategic partnerships. Collaborations 
with other mining companies and R&D organiza-
tions, such as universities, for complex 
 metallurgical processing challenges allow for 
shared risk (McNulty 1998; Thompson 2014) 
and open the door for new developments. Such 
collaborations also assist the R&D organizations 
to better understand the metallurgical processing 
needs of mining companies and environments 
that innovations will have to perform within. 
Collaborations among mining companies, how-
ever, are only feasible in noncompetitive spaces.

R&D and innovation are central to the liveli-
hood of many companies that supply products 
and services for metallurgical processing. These 
suppliers focus on the most important problems 
in metallurgical processing, such as reducing 
energy and water use, to retain their competitive 
position. Mining companies should be looking at 
strategic partnerships with these companies to 
innovate technologies for both the short- and 
long-term that respond to the most onerous chal-
lenges facing metallurgical processing.

Multi-partner collaborations require a greater 
management effort than in-house R&D efforts, 
so it is important for all partners involved to agree 
on a strategy and R&D approaches, carefully 
frame the objectives of the partnership, align the 
leadership (Stanway and Andrew 2014), and 
establish ownership rights and privileges of tech-
nological developments. Equally important is to 
design a plan capturing interim ideas to measure 
progress rather than awaiting some ultimate tech-
nological development that may or may not 
occur. R&D efforts occasionally result in a “black 
swan”—a surprise innovation or idea of signifi-
cance, whose benefit may not be understood or 
appreciated until well after the discovery. 
Appropriately overseeing R&D collaborations to 
keep things on track and capitalize on unexpected 
developments is a priority.

Implement different approaches to deliver R&D 
results and acquire innovations. Capturing the 

benefits of innovation, whether it is conducted in-
house by mining companies, through university- 
mining company consortia, or by strategic 
relationships with large or small technology and 
services companies, requires a variety of meth-
ods: reports accompanied by an opportunity to 
interact; workshops; simulators; new processes 
and hardware; technology demonstrations; train-
ing courses; consulting; research staff joining the 
company to transfer expertise; and interactions 
with third party suppliers, who profit from suc-
cessful technology transfer (Napier-Munn 1998). 
To create value from these technology transfer 
methods the R&D has to be aligned with the 
overall business strategy of the mining company.

Capturing value from “open innovations”—
new technologies and ideas from outside the 
industry—can be achieved by allowing a free- 
flow of ideas from employees and others and col-
laboration with suppliers (VCI 2014). The 
mandate of suppliers is to stay competitive by 
innovating, applying unconventional ideas to per-
sistent and intractable problems and solving 
problems with solutions used by disparate indus-
trial sectors.

Recognize and manage intellectual property. It is 
important to nurture an environment that recog-
nizes and protects intellectual property. Nurturing 
includes training employees to identify legiti-
mate inventions (Stacy 2012; Taberer 2012) espe-
cially focusing on processes, techniques, and 
methodologies when developing IP in metallurgi-
cal processing (Ferraloro et al. 2012). Engineers 
and scientists tend to downplay their ideas, 
believing solutions to be good engineering or 
good science and focusing on problem solving 
and not giving thought to the innovation they just 
developed (Ferraloro et al. 2012). Engineers and 
scientists may also overestimate the effort 
required to patent an innovation and underesti-
mate the benefits of patent applications (Hedges 
and Lloyd 2010). In many cases the cost of pro-
tecting innovations by patenting is small in com-
parison to the revenue generated through 
application of the innovation (Ferraloro et al. 
2012). Patenting should also be viewed by a min-
ing company and its employees as a way to pre-
vent competitors from patenting the process you 
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developed and are using. Filing a patent provides 
a defense against potential infringement allega-
tions (Hedges and Lloyd 2010) and creates a stra-
tegic domain, within which the company 
operates. As important as IP is to the mining 
industry, filing patent applications on flow sheets 
or processes that are not technically or commer-
cially viable should be vigorously discouraged 
(Brierley 2008; Canterford 2011) and the legal 
hurdles of patenting in bioprocessing must be 
well understood, because there are unique IP 
considerations related to this sub-field of metal-
lurgical processing (Taberer 2012).

Identify and implement approaches for pilot test-
ing that limit disruption and risk. De-risking a 
metallurgical innovation is crucial to successful 
implementation. This can be accomplished 
through pilot plants, demonstration plants, and 
small-scale applications before implementation of 
the innovation into large-scale operations. Parallel 
studies in heat and mass balance and financial 
modeling are critical to identify fatal flaws and 
recognize opportunities for improvement.

Identifying champions within operations and 
providing incentives to individuals for taking 
risks may also offer additional opportunities to 
scale-up new technologies. Collaborative oppor-
tunities with other mining companies would 
share the risk associated with new technologies 
(Thompson 2014). Adopting “open innovations” 
from outside the mining industry may also offer 
practices and products that have been used in 
other industrial sectors; while these innovations 
would still require testing within mining opera-
tions, what has been learned could be leveraged 
to assess applicability and use in metallurgical 
processing thus reducing risk (Thompson 2014).

9.5  The Future of Metallurgical 
Processing: Innovation 
and Intellectual Property

The mining industry is indispensable in provid-
ing society with products to fuel global economic 
growth. In 2010, the mining industry represented 
11.5 % of the world’s GDP based on revenues 
and products sold. Considering services and 

 support services, the direct contribution in 2010 to 
the global economy increased to 21 % and, when 
considering the value from industries dependent 
on mined products (e.g., materials for construc-
tion, transportation fuel, and fertilizers), the com-
bined direct and indirect economic contribution is 
more than 45 % (Gleason 2015). Continuing to 
provide the world with products having such a 
substantial impact on the global economy is 
becoming increasingly difficult in the face of the 
challenges confronting the mining industry: effec-
tively processing lower grade, more complex ores 
in deeper deposits; reducing energy and water 
use; reducing mine wastes; continuing improve-
ments in health and safety; reducing the carbon 
footprint; and addressing community pressures at 
mine sites. Transformational innovation is essen-
tial to address these issues and for the mining 
industry to operate successfully in the future 
(Gleason 2015).

The mining industry must aggressively 
address its most intractable issues related to the 
innovation process and introduction of techno-
logical innovations in metallurgical processing to 
meet the material needs of a burgeoning global 
population of 9.5 billion by 2050. Innovation 
must be organized and driven by the mining com-
pany’s CEO and executive management. Mining 
companies must partner with organizations 
skilled in R&D and with suppliers, whose corpo-
rate livelihood is dependent on developing inno-
vative technologies and products. Different 
approaches must be implemented to capture the 
benefits of R&D and value from “open innova-
tions”—new technologies and ideas from outside 
the industry. An environment must be created 
within mining companies whereby intellectual 
property is recognized and managed and new 
approaches and tools are identified and imple-
mented for testing of metallurgical processing 
innovations to limit disruption to ongoing opera-
tions, minimize risk and navigate the complexi-
ties of the current environment in which mining 
companies operate.

The implementation of open innovation and 
virtual laboratory concepts for innovation in the 
mining industry has found limited support in the 
past, as exemplified by programs introduced by 
Barrick Gold Corporation (Strategic Technology 
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Fig. 9.1 Barrick’s innovation model (Courtesy of Barrick Gold Corporation)

Solutions) and AngloGold Ashanti (Technology 
Innovation Consortium) (TIC 2014). In the case 
of Barrick Gold the working model (Fig. 9.1) 
involved a small technology team of subject mat-
ter experts working on the long-term technology 
vision of the company and having the flexibility 
to rapidly focus on significant challenges con-
fronting the company.

However, the new realities the mining indus-
try face require a more elaborate open innovation 
model—one that engages a diverse group of par-
ticipants from a wider group of industries. A new 
innovation ecosystem explored by Barrick Gold 
in cooperation with Deloitte (Fig. 9.2) involves a 
combination of the corporate technology team 
(STS) with the technology center (AuTec) and 
the Intellectual Property Company (IPHP) oper-
ating as independent entities in close cooperation 
that facilitates partnerships and accelerates inno-
vation implementation.

Perhaps novel approaches in seeking and 
implementing innovations will lead to metallur-
gical processing vastly different from what is 

done today. Imagine metallurgical processing 
carried out with emerging engineering develop-
ments (Hemingway and Loehr 2014): informa-
tion technology (e.g., artificial intelligence); 
construction (e.g., 3-D printing); electronics 
(e.g., nano- and molecular sensors); robotics 
(e.g., molecular nanotechnology); synthetic biol-
ogy (engineered microbes, molecules and biomo-
lecular sensors); energy (e.g., fusion); and 
advanced materials (e.g., programmable matter). 
Some of these engineering innovations are com-
mercially used now in medicine, manufacturing, 
and biotechnology. Novel engineering systems 
might be used to metallurgically process ore bod-
ies in situ by identifying and characterizing deep 
ore bodies spatially, geologically and mineralogi-
cally; fragmenting ore bodies in place; selectively 
leaching and concentrating metals values; and 
monitoring and protecting the subsurface envi-
ronment. Applying these emerging developments 
to metallurgical processing remains decades in 
the future, but now is the time for the mining 
industry to explore the possibilities.
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10.1             Conceptual Idea 
and Experiments 

 A conceptual idea can emerge unexpectedly or 
out of a  deliberate search   for either an improve-
ment to an existing process or a completely new 
process. 

10.1.1     Objectives and Examples 

 Objectives and incentives for process innovation 
vary widely. Some of the more common are pre-
sented below together with some representative 
examples from industry practice. 

10.1.1.1     Enhancing Safety and Health 
of Operating or Maintenance 
 Personnel   

 A classic example is the use of mercury for the 
recovery of gold and silver by amalgamation 
which was practiced for centuries. In recent 
times, amalgamation has been recognized as a 

major health hazard and has been largely 
replaced by gravity and cyanide leaching pro-
cesses in commercial mining industry practice. 
(Unfortunately, it is still used in gold artisanal 
and illegal mining in some developing coun-
tries, where fi nding a safe easy to use alterna-
tive, suitable for small-scale application is more 
diffi cult.)  

10.1.1.2     Reducing Environmental 
 Impact   

 Since about the 1970s, the pressure of the stricter 
regulation of sulfur dioxide and other noxious 
emissions has resulted in the desire to replace the 
smelting of copper sulfi de ores and concentrates 
by the application of hydrometallurgy. Numerous 
processes have been proposed and tested with 
varying degrees of success. Most recently, pres-
sure oxidation has emerged as a serious con-
tender, having been commercially proven for 
gold and zinc production where it has been 
increasingly used instead of traditional roast- 
leach technology.  

10.1.1.3     Improving  Extraction 
Effi ciencies   

 Up till the 1970s, zinc recovery by the roast-
leach- EW process was signifi cantly affected by 
the formation of zinc ferrite which provided 
the driving force for innovation. A major 
 improvement was achieved through the develop-
ment of the jarosite process in which most of the 
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zinc is extracted from the ferrite and the iron is 
rejected as jarosite with low zinc content. 
Processes rejecting iron as goethite, which has an 
environmental stability advantage, and hematite, 
which offers the possibility of a saleable by-prod-
uct, were also  developed  .  

10.1.1.4     Reducing  Capital 
and Operating Costs   

 Carbon in pulp was introduced on a commercial 
scale in the 1970s and rapidly replaced the tra-
ditional Merrill–Crowe process as the industry 
workhorse for the treatment of lower grade 
gold ores. Cost advantages accrued from the 
elimination of solid–liquid separation and the 
use of zinc dust for gold precipitation plus the 
reduction in soluble gold loss. The use of car-
bon was also extended to treating heap leach 
solutions.  

10.1.1.5     Generating a New  Product   
 Nickel pig iron ( NPI  )  production   was rapidly 
developed in China in 2006 to supply nickel to 
stainless steel producers due to high demand and 
escalating nickel prices at the time. NPI is essen-
tially a low-grade ferronickel produced directly 
from nickel laterite ores which are too low grade 
for the traditional ferronickel smelting process. 
The remarkably short development period for 
NPI technology was made possible by the avail-
ability of numerous small-scale blast furnace and 
electric arc facilities in China formerly used for 
pig iron and other alloys.  

10.1.1.6     Recovering a New By- Product   
 Examples of by-product recovery innovation 
include the development of processes for the 
recovery of uranium from nonconventional 
resources such as in the 1970s to take advantage 
of high demand and high uranium price. One 
example was the development of IX/SX tech-
nology for the extraction and recovery of ura-
nium from copper leach solutions which can 
contain up to 40 ppm uranium. Large-scale 
commercial plants were operated at Anamax 
Twin Buttes in Arizona and Kennecott Bingham 
Canyon in Utah. 

 Another example was the development of 
 processes for the extraction and recovery of ura-
nium from phosphoric acid which typically con-
tains 150–175 ppm U 3 O 8 . In the 1970s, various 
innovative two-stage SX processes were devel-
oped and applied at numerous commercial opera-
tions. More recently, the focus has been on IX 
technology which has the potential to reduce 
cost, avoid the phase disengagement problems in 
SX, avoid posttreatment of the acid, and improve 
environmental impact and  safety  .  

10.1.1.7     Enhancing Product  Purity   
 The successful introduction of solvent extraction 
in uranium ore processing in the 1960s led to the 
idea of developing selective copper SX extract-
ants which made it possible to produce high 
purity electrowon cathode from copper leach 
solutions and resulted in the development of 
numerous new heap leaching projects. Before 
this, copper from leaching operations was pro-
duced as either relatively low-grade cathode or as 
cement copper by precipitation with scrap iron. 
Further details are presented as a case history at 
the end of this section.   

10.1.2     Literature and Patent Search 
and Assessment 

 The fi rst step in the development of an idea is to 
undertake a thorough literature and patent search 
in order to: 

10.1.2.1     Determine Whether or Not 
the Idea Has Been Previously 
 Proposed   

 If an idea has been previously proposed:

    1.    Use of published information 
 and/or,   

   2.    Contact with persons who were involved or 
worked on the idea    

can either signifi cantly assist with time, defi nition 
of scope, and cost of an initial study or provide 
suffi cient information for abandoning the  idea  .  
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10.1.2.2     Locate and Assess Any 
Previous Patents or Patent 
 Applications   

 The existence of patents or patent applications in 
some cases may be a roadblock to further devel-
opment. However, in other cases it could open 
the door to either fruitful collaboration or an 
acceptable licensing arrangement which could 
yield signifi cant savings in time and money.  

10.1.2.3     Evaluate the Results of Any 
Previous Published Test  Work   

 Previous test work can be a source of valuable 
information as to the potential viability of the 
idea and can provide a starting point for develop-
ing a test work program.  

10.1.2.4     Evaluate Strengths, 
Weaknesses, Opportunities, 
and  Threats   for the Proposed 
Idea 

 The results of the literature and patent search pro-
vide input for an initial assessment of the pro-
posed idea.    

10.2             Scoping and Laboratory 
Scale Test Work 

10.2.1     Scoping Test Work and  Desk 
Top Study   

 The next step is to undertake exploratory labora-
tory test work followed by  “desk top” technical 
and economic studies  . The test work is aimed pri-
marily at the key steps in the process in order to 
demonstrate viability at a preliminary level and 
generate data for the “desk top” studies. The test 
work is generally carried out at bench scale in 
batch mode, though continuous mode may be 
needed in some instances. 

 The  components   of the study typically include:

•    Technical feasibility  
•   Possible applications  
•   Advantages and disadvantages  
•   Economic potential  
•   Environmental implications  
•   Chances for success    

 Assuming a positive outcome, a budget and 
timescale is developed for a  “proof-of-concept” 
laboratory test work program  . 

10.2.1.1     Case History: Development 
of Selective Copper SX 
Extractants (Kordoski  2002 ) 

 The recovery of copper from sulfuric acid leach 
solutions by  solvent extraction/electrowinning   
was proposed by General Mills in the USA in 
1960, inspired by the successful development of 
uranium SX in the 1950s using their Alamine 336 
extractant. Until then, copper leach solutions 
were treated by cementation with scrap iron or by 
direct electrowinning. General Mills postulated 
that the introduction of a solvent  extraction   step 
ahead of electrowinning would improve  electro-
winning   effi ciency and enable high-grade cath-
ode copper to be produced. Unlike uranium, this 
would require the development of an entirely 
new SX extractant. 

 An initial market survey was disappointing as 
it showed little interest and even skepticism. 
Nevertheless, a small group of three enthusiasts 
within General Mills under the leadership of Joe 
House worked on the development of a new 
reagent in between their main duties and in their 
own time. This resulted in late 1962 in the formu-
lation of LIX 63, a hydroxyoxime. 

 However, LIX 63 had a signifi cant drawback 
in that it was not effective below pH 3 and there-
fore not applicable to typical acidic copper leach 
solutions. Technically, this problem could be 
solved by partial neutralization or by switching 
to ammonia leaching. Both of these solutions 
were not regarded as economical. 

 The group was not satisfi ed and further work 
resulted in the development of LIX  65  , a ketox-
ime, which, with the addition of a portion of LIX 
63, formed LIX 64. After successful laboratory 
test work, LIX 64 was trialed in a number of SX/
EW pilot plants resulting in its fi rst commercial 
application at Ranchers Exploration and 
Development Corporation in Arizona in 1968, 
treating solution from oxide ore heap leaching. 
In 1969 the LIX 65 component was replaced 
with LIX 65N to form LIX 64N which had 
greater extractive strength, faster kinetics, faster 
phase separation, lower entrainment, increased 
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copper/iron selectivity, and lower viscosity. LIX 
64N became the workhorse of copper SX for 
many years. Extractants were also developed by 
Ashland Chemicals, Shell International 
Chemicals, and ICI Acorga in the late 1960s and 
early 1970s. 

 The success of Ranchers and the subsequent 
Bagdad operation, also in Arizona, led to a grow-
ing acceptance of copper SX/EW as a commer-
cially proven technology and ultimately to the 
transformation of copper hydrometallurgical pro-
cessing. A photograph of the fi rst commercial 
copper SX/EW operation at Ranchers Blue  Bird  , 
AZ is shown in Fig.  10.1    .

   The above case history illustrates how the 
dedication of three chemists resulted in an inno-
vation—the development of a solvent for the 
extraction of copper from dilute leach solutions. 
Based on this innovation, currently around 
23–25 % of cathode copper is produced by 
 Leach-SX-EW process   enabling the metallurgi-
cal industry to exploit oxide copper ores and low- 
grade sulfi de ores. However, the authors do not 
have a fi rsthand knowledge of how this innova-
tion happened except from published papers. 

 Hence we have chosen a process from the zinc 
industry wherein one of the authors had a hands- on 
experience in the development of process improve-

ment—not necessarily an innovative one—to 
illustrate how a concept is taken from laboratory 
scale to commercial production. The steps involved 
are described in some detail in Sects.  10.2 – 10.5 . 
This was the fi rst time that this process improve-
ment was done in the zinc industry. 

 The  process improvement   consisted of combin-
ing the leaching of zinc calcine and fume into one 
continuous leach step. Until then, the calcine and 
fume were leached separately in a batch mode due 
to the nature of impurities in them. For the same 
reason, the leach solutions were purifi ed and elec-
trowon separately. The process improvement also 
involved developing a continuous purifi cation 
step—again done in a batch mode—to produce a 
single purifi ed solution for electrowinning.   

10.2.2     Laboratory Scale Test Work 

 In the previous section, details of exploratory 
laboratory test work to test the process steps are 
outlined. This is followed by a discussion of 
“desk top” studies to assess the potential  advan-
tages   of the process. Based on these studies:

    1.    Time and expenses are committed for system-
atic process development test work.   

  Fig. 10.1    Ranchers Bluebird, Arizona: fi rst commercial copper SX/EW  operation      (Reprinted with permission from 
The Journal of the South African Institute of Mining and Metallurgy)       
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   2.    A budget and time scale is developed for a 
scoping level “proof-of-concept” laboratory 
test work program.    

  Once the above two items are in place, a pro-
cess schematic containing the various process 
steps with inputs and outputs—with as much 
available data as possible—should be drawn up. 
The next step is to design “proof-of-principle 
experiments.”    These experiments are in general 
laboratory scale experiments in which the new 
concept is proven in some way. This identifi es the 
information that needs to be collected in labora-
tory scale testing. 

10.2.2.1     Steps in  Process Development   
 Process development involves four steps as listed 
below:

    1.    Laboratory testing   
   2.    Pilot plant testing   
   3.    Demonstration plant testing   
   4.    Testing in a new/existing plant     

 Each development step serves different pur-
poses in the Total Development Work Process. 
The choice of the number of steps from the above 
list depends on the character of the development 
work. In many applications, simulation has 
replaced a part and/or whole of the test work and 
is expected to play a major role in process inno-
vation. Simulation can be used in all and/or any 
steps shown in Fig.  10.2  and acts as a supplemen-
tary activity in testing at any stage in the process 
development work. Simulation or simulation 
programs have made great advances in the recent 
past; hence it is advisable to install proper equip-
ment and programs for simulation prior to the 
start-up of any major new installation of process 
technology. Well-developed simulation programs 
can be used for training operators before and 
after the start-up of new process technologies and 
new production plants.   

10.2.2.2        Laboratory Scale Test Work 
 Laboratory testing is often considered as the 
starting point for process development; this 
includes experimental work in the laboratory in 

a batch  mode   and is invariably followed by con-
tinuous mode of testing. The three areas of pro-
cess  metallurgy   are: (a) pyrometallurgy, (b) 
hydrometallurgy, and (c) electrometallurgy. Of 
these three areas, it is somewhat easy to do labo-
ratory scale test work for hydrometallurgical 
and electrometallurgical processes and get 
meaningful data. However, it is not easy to do 
laboratory tests for pyrometallurgical processes 
due to the small scale of operation and get use-
ful data. For such operations, it is suggested that 
a small pilot plant scale testing would give (a) 
better process control and (b) reliable process 
parameters.  

10.2.2.3     Technical and Economic Study 
of a New Process 

 The outline of laboratory testing described 
above can also be used for any process that has 
been conceived and developed from scratch. 
Once the process concept design has been estab-
lished, a simple block diagram showing inputs 
and outputs should be established. This diagram 
defi nes the information needed from the tests 
and provides input for the planning of the 
research stage. 

 The data collected from  preliminary labora-
tory testing   should also provide a scoping level 
technical and economic study of the process. For 
simplicity, a hydrometallurgical process involv-
ing leaching and solution purifi cation laboratory 
test work approach will be illustrated by the fol-
lowing example: 

 An existing electrolytic zinc refi nery consists 
of the following  unit operations  :

    1.    Two separate circuits for leaching of the raw 
materials, viz., calcine and fume.   

   2.    Two separate circuits for the purifi cation of 
the respective leach solutions, viz., calcine 
leach solution and fume leach solution.   

   3.    Two separate electrowinning units for the 
respective purifi ed leach solutions.    

  The leach and purifi cation steps were run in a 
batch mode, while the electrowinning steps were 
run in a continuous mode independently of the 
leach and purifi cation circuits. 
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 The  goal of the   project was:

    1.    To combine the leaching of the calcine and 
fume into one step and run the same in a con-
tinuous mode.   

   2.    To run purifi cation tests of the above single 
leach solution in a continuous mode. This 

stage would also involve optimizing the num-
ber of purifi cation steps needed to remove 
“all” the impurities to produce a purifi ed solu-
tion suitable for electrowinning.   

   3.    To run the electrowinning operations in two 
electrolytic units but with the same purifi ed 
leach solution.    

CONCENTRATEOXIDE FUME

OXIDE FUME STORAGE

CRUSHING & DRYING

SULFIDE CELL HOUSE

CASTING

DEBASING

METAL STORAGE

INDICATES MODERNIZATION

KEY:

CONCENTRATE
STORAGE

OXIDE CELL HOUSE

CASTING

DIE CASTING

CADMIUM

PRE-LEACH

ROASTING

LEACHING

PURIFICATION

MERCURY REMOVAL

ACID PLANT

ACID STORAGE

  Fig. 10.2    Schematic of the modernized plant. (from Ramachandran and Cardenas  1983 ). Copyright 1983. Reprinted 
with permission of The Minerals, Metals and Materials  Society         
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  Historically, calcine and fume were leached 
and purifi ed separately due to the different nature 
of impurities present in them. The leaching of the 
calcine and fume in a single step was quite an 
innovative approach. This would also warrant a 
unique approach to the purifi cation of the leach 
solution as it would have to address the removal 
of “all” the combined impurities from calcine 
and fume in one single step. 

 The project was divided into  four   steps. They 
were:

    1.    Calcine/fume leach tests—batch   
   2.    Calcine/fume leach tests—continuous mode   
   3.    Leach solution purifi cation tests—batch   
   4.    Leach solution purifi cation tests— continuous      

10.2.2.4        Batch Tests   
 The objective of the batch tests was to establish 
optimum operating parameters of the leach step 
to obtain maximum zinc recovery. The  process 
variables   were:

    (a)    Temperature   
   (b)    Retention time   
   (c)    Calcine/fume ratio   
   (d)    Final pH    

  Based on the plant data that was already avail-
able on calcine leach and fume leach separately, 
tests were run using a preliminary range of oper-
ating variables. The calcine/fume ratio was estab-
lished based on the weight ratio of calcine to 
fume that is available for processing in the mod-
ernized plant. For batch tests, the following 
 parameters   for the variables were chosen: 

 1.  Calcine/fume 
ratio: 

 Variable based on availability 
of calcine and fume (65/35 

 was optimum based on 
minimization of deleterious 

 impurities.) 

 2. Final pH:  ~3.2–3.5 at temperature 
(~4.8–5.2 at room temperature); 

 3. Temperature:  70, 80, and 90 °C (three levels) 

 4. Retention time:  3, 4, and 5 h at each  temperature   

   Based on the calcine/fume ratio used, the 
amount of leachant (spent electrolyte) was varied 
to achieve maximum zinc extraction. With this 
was approach, the fi nal pH reached around 
3.2–3.5. 

 Data generated from these batch tests were 
used to establish the operating parameters—and 
their ranges—for continuous leach tests. In addi-
tion to maximizing zinc recovery, extraction of 
impurities such as copper, cadmium, nickel, and 
cobalt was also established. The above test work 
discussed was for converting an “existing” batch 
leach process for two different types of raw  mate-
rials  —treated separately—to a “continuous” 
leach process wherein the two raw materials were 
treated in one step.  

10.2.2.5      Continuous Leach Tests   
 In these tests, three leach tanks (all of same size) 
were used in series. In addition to the four vari-
ables that were tested in batch tests, two addi-
tional  variables   were evaluated in these tests. 
They were:

    1.    Distribution of calcine/fume mixture between 
leach tanks.   

   2.    Distribution of leachant between leach tanks.    

   Preliminary screening tests   showed that cal-
cine/fume mixture and the leachant be added in 
the fi rst two tanks and the third tank be used only 
to provide retention time for maximum zinc 
extraction. The retention time was varied by 
varying the fl ow rate of the leachant. Also, based 
on the results of the batch tests (zinc extraction), 
only two levels of temperature, viz., 70° and 
80 °C and two levels of retention time, viz., 3 and 
4 h were chosen. 

 All continuous tests were done based on a sta-
tistical design of experiments. Using a factorial 
design, 16 experiments (2 4 —four variables at 
two levels) were done to establish the optimum 
parameters for  maximum zinc extraction  . Details 
of the designed experiments are not described 
here as they can be found in any textbook on 
Statistical Design of Experiments. 
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 Based on test results, the following parame-
ters were fi nalized for  maximum zinc extraction   
(~95 %): 

 1. Temperature:  80 °C 

 2. Retention time:  3 h 

     (Three tanks in 
series): 

 1 h in (each tank) 

 3. Distribution of calcine + fume mixture: 

     Tank One:  90 % by weight (all of 
calcine) 

 Balance fume 

    Tank Two:  10 % by weight (fume 
only) 

    Tank Three:  Nil 

 4.  Distribution of 
leachant: 

 Tank One: 93–95 % by 
volume 

 Tank Two: 5–7 % 

 Tank Three:  Nil   

   Additional tests were done to study the effect 
of grinding the calcine to a much fi ner size 
(~98 % minus 325 mesh from 74 % minus 325 
mesh). This did not appreciably improve zinc 
extraction and hence was eliminated as a 
variable. 

 As a follow-up, tests were done to collect pre-
liminary  data   on:

    1.    Settling of leach slurry in a simulated labora-
tory thickener.   

   2.    Amount of suspended solids in the thickener 
overfl ow.   

   3.    Use of fl occulants for settling leach slurry.   
   4.    Pulp density of the thickener underfl ow.   
   5.    Washing and fi ltering of thickener u/fl ow to 

establish water-soluble zinc in the leach 
residue.    

  All the leach solutions—produced from batch 
and continuous tests—were saved for planned 
batch and purifi cation tests.  

10.2.2.6      Batch and Continuous 
Laboratory Purifi cation Tests   

 Based on an approach similar to the leach tests, 
batch and continuous purifi cation laboratory tests 
were performed to gather suffi cient data for run-
ning a pilot plant. Detailed description of the 

purifi cation tests—both batch and continuous 
tests—is not provided here as the procedure is 
quite similar to the leach tests. 

 However, due to the nature of the impurities pres-
ent in the impure leach solution, purifi cation was 
done in a number of stages—either two or three—
dependent on the fi nal quality of the electrolyte 
desired for electrowinning. The process variables for 
the   continuous  tests   are summarized below:

    1.    Number of purifi cation stages.   
   2.    Temperature.   
   3.    pH at temperature.   
   4.    Zinc dust added for purifi cation.   
   5.    Particle size of zinc dust.   
   6.    Zinc dust distribution between reaction tanks.   
   7.    Type of activator in each stage.   
   8.    Activator distribution between reaction tanks.   
   9.    Total retention time.    

  Variables 2 and 4 through 9 were varied for 
each stage. Variables 1 and 3 were kept constant 
based on batch tests. 

 In summary, an approach for a systematic 
study of doing  laboratory   tests—batch and/or 
continuous runs—has been illustrated using a 
 hydrometallurgical process   involving leach and 
purifi cation operations, i.e., two process steps run 
in series. 

 The same approach can be used in evaluating 
a “new” process that has been conceived for (a) 
production of a new product or (b) making a 
 radical change to an existing process to reduce 
operating cost and improve environmental issues. 
Assuming that the “new” process has four  inde-
pendent process steps   (aka unit operations), tests 
would be conducted as follows:

    1.    Batch testing of each of the four process steps.   
   2.    Testing the four process steps in a continuous 

mode but run independently.   
   3.    Combining all the four process steps in one 

“continuous mode.” In this run, the following 
variables would also be included for 
evaluation:
    (a)    Effect of Recycle Streams—if any.   
   (b)    Establish steady-state operation, run for a 

few days to observe changes—if any.   
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   (c)    Establish bleed streams with volume and 
composition—if any.   

   (d)    Develop process options for the treatment 
of  bleed      streams.        

10.2.2.7        Process Simulation Model   
 It is always a good practice to develop a prelimi-
nary process simulation model to:

    (a)    Investigate the effect of linking the process 
steps   

   (b)    Provide support for the scoping and labora-
tory study and   

   (c)    Assess the need for further proof of concept 
test work—if any     

 A typical process simulation model that can 
be used is the commercially available METSIM 
model. This model essentially provides a good 
mass and heat balance for the complete process 
and provides answer to the questions raised 
above. Based on the issues arising from this sim-
ulation model and scoping study, additional labo-
ratory scale test work should be done until all 
process parameters for “all” the steps of the new 
process (for all the unit operations) are well 
 established  .  

10.2.2.8     Data for Patent  Application   
 A new innovative process invariably has a poten-
tial for obtaining a “patent’ coverage to

    (a)    Protect the proprietary nature of the new 
idea and   

   (b)    Possibly market the process to potential cus-
tomers for royalty revenues     

 The scoping and laboratory scale test work 
that has been described in this section was for a 
hydrometallurgical process. A similar approach 
can be had for evaluating an electrometallurgical 
process. However, there are possible limitations 
in developing “good” process parameters for a 
pyrometallurgical process at the laboratory level. 
In such a case, a small-scale pilot plant opera-
tion—that provides good process control—may 
be needed to develop process parameters. 

 In summary, assuming that the scoping and 
laboratory study confi rms the viability and 
advantages of the process, the next step would be 
to prepare a budget and schedule the pilot plant 
scale test work  program  .    

10.3           Pilot Scale Test Work 

 Prior to doing any pilot scale test work, it is pru-
dent to examine (a) whether a pilot plant is abso-
lutely necessary and if so, what is the purpose of 
the pilot plant? Some of the guidelines to answer 
the fi rst question are: 

 An integrated pilot plant with all the  process 
steps and recycle fl ows   is needed if (Harmsen 
 2013 ):

    1.    More than one new process is involved.   
   2.    The process contains one new process step 

and a complex recycle fl ow.   
   3.    The process contains a novel solids handling 

step.   
   4.    The feed material details are not completely 

known.   
   5.    Feed material may contain trace components 

which may affect operation of the new pro-
cess unit.   

   6.    Formation of trace components in one unit 
may affect the operation of another unit.   

   7.    Recycle streams increase the buildup of trace 
components with possible consequences of 
fouling and corrosion.    

  A process step is considered “new” if (a) new 
chemistry is involved, (b) a new piece of equip-
ment is involved or both. Complex recycle fl ow is 
defi ned as a recycle fl ow over at least two process 
units. Sometimes, if only one  “new” process   step 
is involved, a dedicated mini-test may be suffi cient 
to validate the process design and process model. 

 Second, the  purpose of   any pilot plant scale 
test work is:

    1.    Validate commercial scale process “concept” 
design.   

   2.    Confi rm laboratory scale test work and pre-
liminary process fl ow sheet.   
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   3.    Establish range of operation for all the process 
variables.   

   4.    Proving the operation of the process on a con-
tinuous basis.   

   5.    Generate additional data for improved process 
simulation program.   

   6.    Testing a range of feed raw materials.   
   7.    Evaluate materials of construction for corro-

sion, etc. This can be done by building a con-
struction material test section with coupon 
testing so that corrosion rates are determined 
for various process stream compositions.   

   8.    Produce product samples in suffi cient quanti-
ties for customers for evaluation of product 
performance.   

   9.    Providing data for environmental studies.    

  Based on the type and complexity of the pro-
cess, there are a variety of pilot plant concepts.    
They are:

    1.    Piloting parts of the process only.   
   2.    Fully integrated mini plant.   
   3.    Fully integrated large-scale pilot plant to test 

equipment that would be used in a commer-
cial plant.   

   4.     Large-scale testing of parts of the process—
either at the plant location or by a technology 
and/or equipment  supplier  .    

  The choice of a particular concept/s depends 
on what data needs to be generated for a fi nal 
design of the full-scale plant. 

 It is a good idea to develop a pilot plant 
 design team   consisting at least of (a) an experi-
enced process engineer from the engineering 
group, (b) a process engineer from the opera-
tions, (c) a safety engineer from operations, and 
possibly (d) an employee from a company with 
experience in pilot plant design and construc-
tion. The role of the safety engineer is to con-
tinually advise the team about safety issues 
related to the process steps and develop an 
ongoing safety manual for use during the com-
missioning of the plant. 

 In summary, the pilot plant should be a scaled- 
down version of the commercial plant, contain-
ing all process steps and recycle streams. In 
addition, the fi nal outcome of the pilot plant test-
ing is: (a) to collect data for the design of a full- 
scale plant and (b) to conduct a detailed technical 
and economic feasibility study. 

10.3.1     Pilot Plant Testing: 
 Continuous Leach and 
Purifi cation     : (Ramachandran 
and Cardenas  1983 ) 

 In Sect.  10.2 , laboratory scale batch and continuous 
scoping tests—for both leaching and purifi cation—
were described in some detail. Based on acceptable 
test results for continuous laboratory tests and since 
the fi nal design was for a continuous process, it was 
decided to run only “continuous” leach and purifi -
cation tests on the pilot plant scale. Statistically 
designed pilot plant tests using a factorial design 
were done to confi rm the laboratory  data  .  

10.3.2     Results of Continuous Pilot 
Plant Leach  Tests   

 The results from the continuous pilot plant leach 
tests confi rmed the  data   that was developed in the 
laboratory scale and scoping tests. In addition, to 
the leach operating parameters, data for a down-
stream operating unit such as thickener for neu-
tral leach residue were developed to assist in the 
design of the full-scale plant. 

 Based on prior operating experience and in the 
interest of time, only laboratory scale tests (not 
pilot plants) were carried out:

    1.    For washing and settling of leach residues   
   2.    For vacuum fi ltration of the washed and set-

tled residues     

 These data were used in the development of 
design data for a full- scale    plant  .  
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10.3.3      Additional Leach 
Operating Data   

     1.    Average pH at leach temperature in:
•    Tank One: 1.5–1.7  
•   Tank Two: 3.0–3.3  
•   Tank Three: 3.8–4.0      

   2.    Free Acid in Tank One: 4–8 g/L      

10.3.4     Neutral Leach Slurry 
Thickener Data 

 Thickener loading in gal/min/ft 2  and thickener 
underfl ow density in grams/liter compared well 
with preliminary design data based on similar 
plant operations. The type and the amount of 
fl occulant required for optimum settling rates 
were established.     

10.3.5     Settling and Filtration 
of Washed Leach  Residue   

 Variables optimized in these tests were:

    1.    Degree of washing needed to optimize low 
levels of water-soluble zinc in leach residue.   

   2.    Settling rate of washed leach residue.   
   3.    Filtration rate of settled washed leach 

 residue  .      

10.3.6     Results of  Continuous 
Purifi cation Pilot Plant Tests   

 All the operating variables established—and 
somewhat optimized—in the laboratory continu-
ous purifi cation tests were confi rmed at the pilot 
plant level. The data collected from these tests 
were used for the design of the full-scale continu-
ous purifi cation plant. 

 Prior to the start-up of these continuous purifi -
cation tests, a review of the impurities in the neu-
tral solution showed that by careful design of 
number of purifi cation stages, it would be possible 
to produce separate  concentrated impurity products  . 
These products could then be treated at either the 

same plant or other sister plants for recovery of valu-
able products such as copper and cadmium. Based 
on this premise, a  four-stage continuous purifi cation 
system   was tested at the pilot plant scale. They were:

    1.    Stage One— Partial Copper Cementation     
   2.    Stage Two— Balance Copper plus Cadmium 

Cementation     
   3.    Stage Three—Cobalt, Nickel, and Germanium 

 Cementation     
   4.    Final Polishing Stage    

  Pilot plant results confi rmed the parameters 
for all the purifi cation stages. Additional data col-
lected at the pilot plant level were:

    1.    In order to get cobalt consistently to the desired 
critical level of 0.1 mg/L in the fi nal purifi ed 
solution, it was decided to run Stage Three of 
the purifi cation step as a “batch” process 
instead of a “continuous” process.    This change 
would give the plant better control over the 
removal of cobalt to acceptable levels. This 
decision emphasized the need to run pilot plant 
tests so that there were no surprises at the full-
scale plant level to get the desired results.   

   2.    The need for a fi nal—also  optional—polish-
ing stage   was established to address the pos-
sibility of the changing levels of the impurities 
in the neutral leach solution due to variations 
in the feed material, both calcine and fume, to 
the leach step.   

   3.    Plate and frame fi lter presses and/or pressure 
fi lters were chosen as solid/liquid separation 
options for all stages of purifi cation.     

 In summary, data collected at the pilot plant 
scale tests formed the basis  for  

    1.    Designing a full-scale plant.   
   2.    Conducting a detailed technical and economic 

study.    

  Finally, Sects.  10.2  and  10.3  give a systematic 
description of laboratory and pilot plant testing—
batch and continuous—of  modifi cations   proposed 
to an existing hydrometallurgical batch leach and 
purifi cation processes. Using these process 
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parameters information, Sect.  10.4  will describe 
additional data collection needed for the design of 
a full-scale plant. 

 A corollary of running these pilot plants, viz., 
leach and purifi cation tests was that additional 
pilot plants were run to develop  supporting   infor-
mation for the design of a full-scale plant. They 
were:

    1.    Settling tests on the neutral leach slurry.   
   2.    Settling and fi ltration tests on washed neutral 

leach slurry.   
   3.    Settling tests on purifi cation slurries (unsuc-

cessful); hence fi ltration tests for all four puri-
fi cation stages.   

   4.    Pilot plant tests for the process development 
of a fl ow sheet for treating the second stage 
copper–cadmium purifi cation cake for cad-
mium recovery. In these tests, cementation 
of cadmium using zinc dust was evaluated as 
an alternate to electrolytic recovery of 
 cadmium  .    

  A similar approach can be adopted for devel-
oping process data for: (a) any new process or (b) 
modifi cation of an existing process. Based on the 
type of process, viz.,  pyrometallurgy  , hydromet-
allurgy, electrometallurgy, and/or a combination 
of any of these process steps, process parameters 
should be defi ned—with appropriate ranges—for 
evaluation. This would be followed by system-
atic testing of the parameters by conducting 
appropriate laboratory scale and pilot plant tests 
as described in this  section  .  

10.3.7     Chemical Analytical Support 
for Pilot Plant  Operations   

 Any pilot plant campaign should be supported by 
quality analytical support for samples generated 
in the pilot plant. The turnaround time for the 
analyses should be quick to enable the pilot plant 
operators to make decisions for additional tests, 
if needed, for generating all necessary data. This 
can be best provided either by an on-site facility 
and/or a special arrangement with an outside 

 laboratory or a combination of both. Setting up of 
an on-site analytical facility or to get analytical 
results from an outside laboratory will be a func-
tion of the location of the pilot plant, viz., dis-
tance from an existing plant with analytical 
facilities and/or distance from urban areas where 
outside laboratories are  available  .   

10.4       Data Collection for Design 
of Full-Scale Plant 

 In Sects.  10.2  and  10.3 , details of laboratory scale 
test work and pilot plant scale test work were 
described in some detail. In this  section  , informa-
tion collected at the laboratory and pilot plant 
scale will be utilized to put together data for the 
design of a full-scale plant. This information is 
collected in the fi nal stages of the laboratory test 
work when the fl ow sheet is somewhat fi xed and 
continued through the pilot plant program. In 
some cases, an engineering fi rm is involved even 
at this early stage to specify test work program 
and design of the pilot plant. 

 The design of a commercial plant requires:

    1.    Data collected by the process development 
team from laboratory and pilot plant tests.   

   2.    A detailed fl ow sheet showing the inputs and 
outputs in each unit operation step.   

   3.    Involvement of an experienced engineering 
fi rm to ensure that the required data is gener-
ated and collected.   

   4.    In some cases, appropriate involvement of 
suppliers of specialized equipment items.     

 The role of an engineering  company  —critical 
and essential—covers a number of aspects of 
data collection program for the design of the full- 
scale plant. They are described below: 

10.4.1     Specifi cation of Test  Program   

 The specifi cation normally covers: (a) all the 
feed materials that are likely to be processed, (b) 
ratios of the different feed materials to be used 
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covering a wide range based on their availability, 
(c) variations in seasonal climatic changes—if 
any. The specifi cations may also include all the 
process variables for evaluation.  

10.4.2     Design of Pilot  Plant   

 Based on the data obtained from the detailed lab-
oratory test work, a pilot plant must be built to 
generate all the necessary information for the 
design of a full-scale plant. Details of laboratory 
and pilot plant operations for a specifi c project, 
viz., continuous leaching of zinc calcine and 
fume and purifi cation of the neutral leach solu-
tion were described in Sects.  10.2  and  10.3,  
respectively. 

 Based on the climatic conditions in which the 
full-scale plant would be run, it may be neces-
sary to house the pilot plant in a climate-con-
trolled enclosure. In some cases, the pilot plant 
may not be capable of generating all of the nec-
essary data and supplemental tests may be 
required. At this point, data that may be already 
available in literature and other similar operating 
plants should be gathered and incorporated into 
the design process. 

 It is strongly suggested that the operating staff 
of the projected commercial plant be included as 
part of the design team in the pilot plant phase of 
the project. This step provides operators’ point of 
view in the design of the pilot plant. It also 
enables them to get valuable experience in the 
commissioning and subsequent running of the 
full-scale plant.  

10.4.3     Collection and Monitoring 
of the  In-Process Conditions   

 During the running of the pilot plant, data on the 
in-process conditions such as temperature, pres-
sure, densities and viscosities of solutions and 
slurries, pH, Eh, etc., should be collected. These 
data will be helpful in the selection of:

    1.    Proper mechanical equipment such as 
pumps, etc.   

   2.    Electrical equipment with their power 
requirements.   

   3.    Process control equipment for  process   
automation.      

10.4.4     Sampling and Analyses 
of Process  Streams   

 All process streams should be sampled at appro-
priate sampling stations built into the pilot plant 
design and analyzed for all the relevant constitu-
ents in an on-site laboratory. The data feedback 
from the ongoing analysis will help in fi ne tuning 
the operating conditions and optimize them, for 
example, maximum zinc recovery in the leach 
step and maximum removal of impurities in the 
purifi cation step. 

 In addition, all inputs and outputs from the 
pilot plant should be recorded routinely. This 
data, in combination with the analytical informa-
tion, will be the basis for a complete mass bal-
ance. Simultaneously, heat and electrical energy 
requirements should be collected for an energy 
balance.  

10.4.5      Process Model   

 Prior to the design of a full-scale plant, it is advis-
able to develop a process model using all the data 
collected during the pilot plant run. Sometimes, 
additional data—not developed in the pilot run—
may be needed for the development of the pro-
cess model. These data should be researched and 
obtained from published literature and technical 
handbooks. 

 One of the most common process models used 
in the process metallurgical industry is 
METSIM TM . It is available commercially for a 
fee. This model provides a comprehensive mass 
and heat balance for the complete process. It 
should be used as a blueprint for examining 
“what if” scenarios of changing variables on the 
potential outcome of the process. Some of this 
hypothetical testing may or may not reveal infor-
mation that necessitates additional testing. In that 
case, those tests must be done and the new data 
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used to revise the process model until it predicts 
the anticipated behavior of the process under 
development. The process model always plays a 
major role in predicting an outcome of the fl ow 
sheet under development—especially when the 
feed materials or the ratio of different feed mate-
rials need to be changed due to unforeseen 
 circumstances  .  

10.4.6     Identifi cation and Assessment 
of  Environmental Impact   

 This aspect of process development is always 
done in consultation with an experienced envi-
ronmental specialist who has a good understand-
ing of the proposed fl ow sheet. It consists of:

    1.    Identifying the streams and their chemical 
analysis—specifi cally effl uent streams.   

   2.    Defi ning the volume and chemical analysis of 
effl uent streams that may need treatment prior 
to discharge.   

   3.    Defi ning the quantity and chemical analysis of 
residual solids that may be produced in the 
process for safe disposal.   

   4.    Establishing procedures to determine whether 
the solids:
    (a)    Are a hazardous waste or not   
   (b)    Pass the Toxicity Characteristic Leach 

Procedure (TCLP) to establish whether it 
is a “characteristic” waste or not       

   5.    Holding technical discussions with the envi-
ronmental  authorities   (local, state, and fed-
eral) about the regulations that would be 
proposed for the safe disposal of the waste 
streams—both liquid and solid. It is always a 
good idea to be proactive in discussions with 
the environmental authorities about the cur-
rent and proposed regulations so that all pro-
cess steps needed to address the treatment of 
waste streams can be incorporated in the pro-
posed process fl ow sheet right from the start.   

   6.    At this point in the design of the full-scale 
plant, considerations should be given as to 
whether any zero discharge options for the liq-
uid stream should be considered. Again, 
the stringent and changing regulations for 

 discharge of liquid streams and the potential 
for monetary fi nes and law suits for possible 
violations will be a driving force to consider 
this option.   

   7.    Zero discharge options can be achieved in the 
following ways:
    (a)    The effl uent stream  is   treated in a conven-

tional waste water treatment plant for 
impurities’ removal and the treated water 
evaporated in a thermal unit. All solids 
generated by these steps are disposed of in 
an environmentally acceptable manner.   

   (b)    In case the effl uent stream has a low level 
of impurities, it can be sent to a small tail-
ings pond without any chemical treat-
ment. The tailings pond may already be 
available close to the plant near a mine 
site or can be newly constructed. The 
overfl ow from the tailings pond can be 
recycled back to the process. The volume 
of recycled stream back to the main pro-
cess plant should be varied to study (a) the 
buildup of impurities’ in the main plant 
and its effects on the process and (b) its 
effect on the water balance. Once the 
recycle volume and its effect on the water 
balance is determined, the number of 
recycles necessary to establish whether a 
steady state, with respect to the level of 
impurities, is attained should then be 
determined.   

   (c)    In case the results of these recycle tests 
reveal a water balance or impurities’ lev-
els issue due to not attaining a steady- 
state operation, then it becomes imperative 
to bleed a certain volume of the effl uent 
stream for waste water  treatment  .          

10.4.7     Corrosion and Erosion Studies 
for Selection of Materials 
of  Construction   

 Corrosion and erosion studies should be done at 
the pilot plant level. Prior to running the pilot 
plant, specifi cations of procedures for monitoring 
corrosion and erosion should be written up in 
consultation with a corrosion specialist. Testing 
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of various materials—in the form of “test” cou-
pons—should be done during the running of the 
pilot plant. The data so collected should be shared 
with the engineering company that will be doing 
the full-scale design of the  plant  .  

10.4.8      Additional Data Collection for   
Design of a Full-Scale Plant 

 In Sects.  10.2  and  10.3 , laboratory scale and pilot 
plant scale test work, respectively, were described 
in some detail. The outcome was the optimiza-
tion of all the operating parameters for the con-
tinuous leaching of zinc calcine and fume and the 
continuous purifi cation of the neutral leach 
solution. 

 The following variables were tested at the 
laboratory and pilot plant levels to gather addi-
tional data for the design of the full-scale plant.  

10.4.9      Variables   for the  Continuous 
Leach Tests   

     1.    Zinc calcines produced from various zinc con-
centrates based on their projected 
availability.   

   2.    Increased levels of zinc fume in the calcine/
fume mixture. This was done because large 
amounts of zinc fume were available for treat-
ment at a low cost.   

   3.    However, this attempt brought in increased 
levels of deleterious impurities such as arse-
nic, antimony, and germanium which pro-
vided considerable challenges in the 
purifi cation step.   

   4.    This attempt also forced the use of increased 
levels of soluble iron in the leach step—with 
addition as an iron salt—to remove the above 
deleterious impurities by precipitation and/or 
adsorption.   

   5.    In turn, this affected the settling characteris-
tics of the leach residue due to the gelatinous 
nature of the ferric hydroxide in the residue. 
Consequently, extensive testing on the settling 
rates of the leach residue was needed for opti-
mizing the thickener design.   

   6.    Pilot plant scale thickener tests were done to 
establish thickener settling area requirements.   

   7.    Stainless steel (316 L grade) was used for the 
leach tanks to examine it as an alternate to the 
conventional mild steel with lead-lined acid 
resistant bricks. However, this idea was 
rejected due to the dissolution of nickel—an 
undesirable impurity—at levels not acceptable 
for the purifi cation step. The fall-back position 
was mild steel, lead-lined acid resistant brick.      

10.4.10     Variables for the Continuous 
Purifi cation Tests 

     1.    In spite of considerable testing in a continuous 
mode, it was not possible to remove cobalt con-
sistently in the second stage of purifi cation to the 
desired level of 0.1 mg/L. Supplemental testing 
for 2 weeks on a scale smaller than the pilot 
plant scale did not give results encouraging 
enough that would have enabled the engineering 
team to recommend a “continuous” mode of 
operation for the second stage purifi cation for 
cobalt removal. Since this was a critical variable 
that would affect the current effi ciency in the 
zinc electrowinning step, it was decided to keep 
this purifi cation step as a “batch” operation.   

   2.    This decision required a few extra storage 
tanks to be included in the fi nal design for 
holding the solution after the continuous fi rst 
stage  purifi cation     .      

10.4.11     Summary 

 In this section, generic procedures for collecting 
data for the design of a full-scale plant have been 
outlined in a few steps. The main thrust is how all 
the necessary information collected during the 
pilot plant is put together by a design team 
involving pilot plant operators, operating person-
nel, and a reputable outside engineering company 
for the full-scale design. Environmental and cor-
rosion specialists should be part of the team on an 
as-needed basis. 
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 The outcome of the detailed pilot plant testing 
resulted in the development of the following fl ow 
sheets:

   Figure  10.2 : Schematic of the  modernized plant  .  
  Figure  10.3 : Schematic of the continuous  leach 

circuit with plant scale equipment details.  

     Figure  10.4 : Schematic of the continuous purifi -
cation circuit with plant scale  equipment   
details.

      A brief description of these procedures as 
applied to the laboratory and pilot plant data col-
lected—described in Sects.  10.2  and  10.3 —for the 
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  Fig. 10.3    Schematic of continuous leach circuit with plant scale equipment detail (from Ramachandran and 
Cardenas  1983 ). Copyright 1983. Reprinted with permission of The Minerals, Metals and Materials  Society         
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process development of an existing electrolytic 
zinc refi nery is included in this section. Data col-
lected from additional pilot plant runs—described 
in Sect.  10.3 —were also used for the full-scale 
design of (a) settling and washing thickeners, (b) 
fi ltration of thickened slurries, and (c) treatment of 
the copper–cadmium cake for cadmium recovery 
using cementation as the main process step.   

10.5      Commissioning and Trouble 
Shooting 

10.5.1      Start-Up Organization   
(Harmsen  2013 ) 

 Prior to the commissioning of any plant, a start-
 up organization should be put together for the 
success of the project. There are various models 
for the start-up organization. Based on the scale 
of the start-ups, a model where the fi nal produc-
tion staff does the precommissioning, commis-

sioning, and start-up works the best. It is also a 
good idea to have the researcher and the process 
engineer involved in the design, a process control 
specialist, and an analytical chemist as part of the 
start-up team. The start-up team should interact 
with the fi nal operating staff regarding the com-
plete process for a few months prior to the start-
 up date. 

 The start-up team should be headed by an 
experienced start-up leader with prior experience 
in major start-ups. He/she should be assisted by a 
qualifi ed assistant to provide 24/7 leadership dur-
ing the start-up.  

10.5.2     Start-Up Preparation 

 The complete start-up team should go through a 
 “potential” problem analysis   and come up with 
answers ready to be implemented, if needed. This 
exercise will be helpful in developing a 
 step-by- step procedure culminating in a complete 
start-up plan. This plan should be documented 
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and distributed to all personnel involved in the 
start-up (Harmsen  2013 ). The next step is the 
start of the actual step-wise commissioning 
phase. Various steps of the commissioning phase 
are described below. 

10.5.2.1     Commissioning 
 Commissioning is a staged process which starts 
when mechanical and electrical work is com-
pleted by the construction  contractor  . The termi-
nology, scope, and sequence of the various stages 
can vary with the type and complexity of the 
plant and with the preferences and practices of 
the engineering group, technology supplier, and 
the operating company. 

 Generally, engineering is carried out by an 
outside fi rm, whereas the technology supplier can 
be part of the operating company as well as a 
separate organization.

  A typical  commissioning   process comprises: 

   1.     Precommissioning     
   2.     Dry Commissioning     
   3.     Wet Commissioning     
   4.     Hot Commissioning     
   5.    Performance  Testing      

  Typical activities may include: 

   1.     Precommissioning  
•    Checking for conformity to design against 

drawings and specifi cations  
•   Checking commissioning and operating 

procedures  
•   Checking the status of all process equip-

ment and associated electrical, controls, 
and instrumentation  

•   Checking the status of all ancillary facilities 
including safety and fi re protection/fi ghting; 
rescue and fi rst aid; water; air; fuel; power 
supply/generation; steam generation; reagent 
storage and supply systems; tailings disposal 
systems; environmental control systems; 
laboratory facilities; and associated electri-
cal, controls, and instrumentation  

•   Flushing, cleaning, and  drying        

   2.     Dry Commissioning  
•    Planning and scheduling  
•   Start-up and shut-down protocol  
•   Checking piping and instrumentation 

against P&IDs  
•   Calibration of instrumentation  
•   Verifi cation of control logic  
•   Checking direction of motors  
•   Functional checks of mechanical equip-

ment and control systems, power and steam 
generation, environmental controls, and 
fi re protection/fi ghting systems  

•   Pressure testing  
•   Operator training   

   Note: Dry commissioning of packaged 
facilities is best carried out in the sup-
plier’s  factory        

   3.     Wet Commissioning  
•    Testing ore handling systems under load  
•   Testing the operation of solution handling 

systems with water  
•   Checking and rectifying leakages in equip-

ment, tankage, piping, and ponds  
•   Testing power and steam generation 

 facilities        
   4.     Hot Commissioning  

•    Introduction of feed materials  
•   Operation of all facilities at low capacity 

under continuous closed loop conditions 
and increasing to design conditions of tem-
perature and pressure  

•   Monitoring for leakages in equipment, tank-
age, piping, and ponds, rectifying as required  

•   Checking of instrumentation and controls, 
recalibrating as required  

•   Implementation of sampling and analytical 
support activities  

•   Commencing verifi cation and updating of 
the process model with operating and ana-
lytical data  

•   Implementation of environmental monitor-
ing, controls, and reporting activities  

•   Progressive increase of plant throughput to 
design  conditions        

   5.    Performance  Testing  
•    Continuous operation for a specifi ed period 

under design conditions  
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•   Verifi cation of process and equipment 
effi ciencies  

•   Sampling and data gathering to verify through-
put, production rate, product quality, quantity 
and composition of effl uents, consumption of 
reagents, water, steam, power, and fuel  

•   Compliance with process and equipment 
 guarantees         

    Commissioning Team 

   The commissioning team is typically multidis-
ciplinary and may include: 

   1.    A  commissioning manager     
   2.     Process specialists     
   3.     Instrumentation/controls and electrical 

technicians     
   4.     Maintenance personnel     
   5.     Technology supplier’s representatives     
   6.     Equipment supplier’s representatives     
   7.     Operating personnel       

 The composition of the team typically varies as 
the program progresses through the various stages. 
Additional temporary personnel should be included 
during commissioning and the initial operating 
period to collect data, collect additional samples, 
and monitor the process while the regular operating 
crew is occupied in the mechanics of start-up.  

    Completion and Hand-Over   
 The point of completion of commissioning and 
hand-over from the engineering fi rm to the oper-
ating company varies and can occur at the end of 
wet commissioning, hot commissioning, or per-
formance testing.   

10.5.2.2     Trouble Shooting 
 Trouble shooting is carried out throughout the 
commissioning  period  . In each phase, punch lists 
(with priority) drawn up and rectifi cation is 
undertaken before moving on to the next phase.

•    During  precommissioning and dry commis-
sioning  , initially the problems will likely be 

related to functional issues with equipment, 
electrics and controls, and interfacing with 
supplier packages.  

•    Wet commissioning   issues will be more 
related to leakages and utility supply 
systems.  

•   During  hot commissioning  , problems typi-
cally relate to equipment capacity, process 
design, product quality, environmental and 
safety issues, malfunction and calibration of 
instrumentation and control systems, addi-
tional leakages, achieving and controlling 
operating conditions (such as temperature and 
pressure), and early indication of failure of 
materials of construction program of testing 
alternatives.  

•    Performance testing   will reveal any capacity 
bottlenecks and provide a review of the prob-
lems rectifi ed during hot commissioning and 
further information on materials of 
construction.    

 Some  issues   may require:

•    Additional design and construction work by 
the engineering fi rm  

•   Further test work and process development by 
the technology supplier  

•   Replacement of faulty or inadequate equip-
ment items  

•   Changing to alternative equipment designs  
•   Additional environmental control systems  
•   Modifi cations to ancillary facilities  
•   Longer term materials of construction  testing      

 In some cases, it may be necessary to engage 
specialist consultants to provide additional 
expertise.   

10.5.3      Post Start-up Report    

 It is important to document—such as a daily log 
done 24/7—all the activities of a start-up of a 
plant. This should be done until a steady-state 
operation is attained over an accepted length of 
time and the operating personnel have a degree of 
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comfort in running the plant. The report will have 
the following information:

    1.    Start-up time.   
   2.    Deviations from design performance such as 

product quality, production rate, and utility 
needs.   

   3.    Deviations from design specifi cations and 
conditions.   

   4.    Critical analysis of the relation between devi-
ations from expected performance.     

 The data so collected will be useful as:

    1.    Reference document for the operating person-
nel—current and future.   

   2.    Errors and learning points can be used for mak-
ing improvements in the design of the plant.   

   3.    On a long-term scenario, continual quality 
control improvements learnt from the start-up 
can be implemented on a company wide  basis  .      

10.5.4     Commissioning and Trouble 
Shooting of Modernization 
of an Existing  Electrolytic Zinc 
Plant   

 In Sects.  10.2 – 10.4 , laboratory scale, pilot plant 
scale testing and data collection for design of a 
full-scale plant, respectively, were described in 
some detail. Based on the generic description of 
commissioning and troubleshooting in this sec-
tion, the continuous leach and purifi cation were 
brought on stream using the various commission-
ing steps outlined above. 

 The commissioning team consisted of:

    1.    Start-up manager.   
   2.    Process specialist from the engineering com-

pany that designed the modernization plant.   
   3.    Research engineer and pilot plant manager 

involved in laboratory and pilot plant testing.   
   4.    Instrument/controls and electrical engineering 

staff from the existing plant.   
   5.    Maintenance engineering personnel from the 

existing plant.   

   6.    Equipment suppliers’ representatives.   
   7.    Operating personnel.     

 Preliminary meetings were held among the 
commissioning team to establish a line of action 
for start-up of the plant. The commissioning pro-
cess steps listed at the start of this chapter were 
followed in a sequential order. 

 After completion of pre- and dry commission-
ing, wet commissioning was done as follows:

    1.    Testing of solids handling systems under load 
 for   a short period of time. Since the leach 
tanks were yet to be tested, these solids were 
temporarily diverted to a storage system for 
later reuse. Load cell and other related instru-
ment calibrations were confi rmed.   

   2.    All solution handling systems such as leach 
tanks, purifi cation tanks, storage tanks, pumps, 
and pipes were tested for leakage and fi xed.   

   3.    All utilities, viz., power and steam generation 
facilities were tested for smooth and continu-
ous operation.     

 Hot commissioning followed wet commis-
sioning. This involved:

    1.    Gradual introduction of feed materials, viz., 
zinc calcine and fume, pyrolusite ore (MnO 2 ) 
for iron oxidation, spent electrolyte from 
electrowinning (EW) operations as the 
leachant, water, if needed, for pulp density 
adjustment, etc.   

   2.    Running of the leach section at reduced 
capacity to set up recycle streams—if it was 
part of the design and study effects of the 
same.   

   3.    Continued checking and fi xing of leaks in 
the fl ow system.   

   4.    Implementation of all other aspects of hot 
commissioning outlined in this chapter.   

   5.    Progressive increase of plant throughput to 
attain  design   conditions.   

   6.    This operation took about 3 weeks and 
resulted in steady-state operations running at 
full design capacity.   

   7.    During this time, pre- and dry commissioning 
of the continuous purifi cation was completed 
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and the purifi cation process run at low design 
rates to check the process chemistry for the 
removal of impurities.   

   8.    This was done by running the purifi ed solu-
tion through a small test section of the elec-
trowinning (EW) plant. The parameters 
evaluated included current effi ciency, cath-
ode quality, etc.   

   9.    Based on the feedback from the EW tests, 
the operating parameters for the purifi cation 
steps were fi ne-tuned to get the desired 
impurities’ removal.   

   10.    The electrowinning testing helped in being 
able to run the purifi cation steps close to 
design parameters in a relatively short time.   

   11.    Additional spare storage tanks and thicken-
ers which were readily available were put to 
use for temporarily storing leach and purifi ed 
solutions during the commissioning process. 
While doing so, it was decided to use two 
large 40,000 gal thickeners to store purifi ed 
solutions, test the solution for impurities, 
and then proceed to the use of the solutions 
in electrowinning. This safety step played a 
major role in preventing any upsets in the 
EW step. Also, these thickeners helped to 
precipitate and remove gypsum from the 
purifi ed solution. This step was useful in pre-
venting major gypsum precipitation in the 
EW piping and cells thereby reducing clean-
ing and maintenance costs.   

   12.    During the commissioning steps, environ-
mental monitoring, sampling procedures, 
and controls were set up and the reporting 
protocol established for use by the operating 
personnel.   

   13.    Also, sampling procedures and analytical sup-
port needs were established as per protocol.   

   14.    In summary, a continuous leaching and puri-
fi cation plant for combined treatment of cal-
cine and fume in the electrolytic zinc industry 
for the fi rst time was commissioned. Also, 
troubleshooting with its attendant solutions 
was completed in a timely  manner  .      

10.5.5     Summary 

 In summary, this chapter describes the steps that 
were taken to successfully commission a new proj-
ect from start to fi nish. This case study of the mod-
ernization of an existing plant was chosen as an 
example for its simplicity. A similar approach can 
be applied for any process whether or not devel-
oped from scratch through an innovative idea. 

 Lastly, this chapter describes how an innova-
tive idea, new or improvement of an existing one, 
can be taken from concept to a successful operat-
ing process.      
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11.1             Introduction 

 The last few decades have seen the advancement in 
information technology as no other period in his-
tory. The same period has also a seen dramatic 
increase in computational power and a correspond-
ingly signifi cant decrease in the cost of electronics. 
In addition, internet and telecommunication tech-
nologies (especially wireless) have exploded in the 
fi rst decade of the twenty-fi rst century. The relative 
advancements in these areas (collectively termed as 
digital technologies) have resulted in several syner-
gies to deliver innovation in diverse applications. 
The mining industry has been relatively slow in 
adopting these technologies compared to the other 
industries such as chemical or oil and gas. 

11.1.1     Challenges 

 Mining companies globally are going through a 
series of challenges such as declining ore grades 
with complex metallurgy, increasing depth of 

ore bodies, high capital and operating costs, 
lower productivity, shortage of technical 
resources, signifi cant pressure from stakeholders 
to deliver along with growing environmental and 
corporate social responsibility issues. In the case 
of the iron and steel industry, there is over-
capacity, and as a result, erosion of profi tability 
due to the recent downturn that has brought 
about a huge gap between supply and demand. 
Improvement in profi tability would need an 
improvement in operational performance. In 
cement manufacturing, there is a need for energy 
cost reduction, increased productivity, the need 
to accommodate alternate fuels, and the need to 
maintain consistent clinker quality. 

 Consequently, over the last few years, there 
has been a major focus amongst some metallurgi-
cal industry leaders on operational performance 
and excellence. This has been only possible 
because of the replacement of a silos-based 
approach by an integrated view of the organiza-
tion. Such an integrated view is now possible via 
the latest state-of-the-art technologies. Even so, 
such a transformation calls for a change in cul-
ture, which, for most organization is not trivial. 
Attempts in the past to integrate functions such as 
through Mine-to-Mill initiatives in the mining 
industry have demonstrated signifi cant benefi ts 
to many operations (McKee  2013 ). Still, sustain-
ing these benefi ts has clearly been a challenge 
due to manpower turn over and lack of proper 
systems and structures that integrate information 
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between business functions within an operation 
and also between operations and the corporate.  

11.1.2     Opportunities 

 The advent of digital technologies have opened-
up opportunities to integrate interdepartmental 
information for a unifi ed understanding of, and 
across, an entire organization. The advances in 
instrumentation, equipment control systems, 
supervisory control systems (SCADA/Historian), 
and industrial networks have helped in the direc-
tion of enterprise wide integration. The availabil-
ity of real-time information across an enterprise 
has given rise to numerous possibilities to 
improve organization performance. Some of the 
potential opportunities are as follows. 

11.1.2.1     Informed and Timely 
Decision Making 

 The current state-of-the-art allows for production 
performance to be linked to planning, design, and 
the supply chain. Integrated software tools have 
allowed for an organization to share not just raw 
process data but intelligence that is abstracted 
from such data to drive well-informed decisions 
(called “actionable intelligence”). Therefore, 
changes in performance happening in any part of 
the production/mining value chain (ecosystem) 
can have an instantaneous impact on the other 
parts—making the interactions between the vari-
ous stakeholders of the ecosystem dynamic and 
real time. This provides a better capability to all 
stakeholders in the ecosystem to predict out-
comes that are relevant to their respective scope.  

11.1.2.2     Cost Optimization 
 In the cement industry, today, it is possible to 
optimize the lowest cost fuel mix for kilns based 
on process and business constraints and taking 
into account the up-to-date market information. 
Similarly, in the mining industry, the cost of 
operations could be optimized in a dynamic man-
ner through real-time integration of information 
across the entire mining value chain. An example 
of a useful synergy in the mining industry is the 
one between production and maintenance, allow-

ing companies to innovatively maximize asset 
availability at minimal maintenance cost. In other 
words, of late, maintenance has increasingly 
ceased to be a cost center and has become an 
“opportunistic” driver to improve asset, and 
therefore, production performance.  

11.1.2.3     Asset Optimization 
 Asset availability has been one of the key perfor-
mance metrics for the mining and the metallurgi-
cal industry. Availability typically reduces due to 
inadequate and timely information on the condi-
tion of the critical assets to perform proactive 
maintenance and asset health care. Predictive 
intelligence of assets is an evolving method to 
maximize asset performance and to achieve better 
return on physical assets. Increasingly, equipped 
with predictive intelligence, proactive mainte-
nance of assets is taking over reactive mainte-
nance in the mining and metallurgical industries. 
Proactive is herein referred to as a combination of 
preventive and predictive maintenance. Critical 
assets in the mining and metallurgical industries 
have increasingly been subject to usage-based 
preventive maintenance and appropriate predic-
tive maintenance to avoid unplanned downtime. 
The monitoring of usage is done by the use of 
advanced software tools and open standards avail-
able for enterprise application integration. The 
usage of critical machines is tracked by a real-
time software and when they cross a threshold for 
a preventive maintenance call, a maintenance 
work order is automatically generated by the real-
time software to maintain the health of the assets 
in good condition at all times Enterprise Gateway 
( 2010 ). These software tools deliver the capability 
of optimizing the maintenance functions in such a 
manner to achieve maximum availability of pro-
duction at a minimum cost of maintenance.  

11.1.2.4     Energy Savings 
 Related to the operational performance of 
machines is energy effi ciency. Mining and metal-
lurgical processes such as haulage, comminution, 
pressure oxidation and electrowinning consume a 
signifi cant amount of energy. The energy  intensity 
of a metallurgical process is always a critical fac-
tor to an organization from multiple points of 
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view—viz., profi tability, greenhouse gas emis-
sions, and system/process degradation. Many 
metallurgical operations are starting to have an 
advanced and intelligent energy management sys-
tem in place. The purpose of energy management 
varies from implementing operational control of 
energy consumption in real time in a local facility 
to achieving a strategic goal of the enterprise to 
reduce energy consumption across the portfolio. 
These are normally performed in two parallel 
“loops” (refer Fig.  11.1 )—the strategic loop that 
allows for an aggregated and comparative evalua-
tion of the energy performance of various sites to 
arrive at useful strategies and the lower level con-
trol loop that implements the strategies via an 
existing control systems infrastructure.

   The state-of-the-art solutions for achieving 
improvement in energy management allow for 
the  dynamic  generation of energy saving strate-
gies in response to evolving operational condi-
tions (as opposed to a shrink-wrapped set of 
pre-programmed strategies), and furthermore, 
provide improved traceability (integration and 
visualization) of the downstream implementation 
of such strategies via the distributed control of 
multiple, individual pieces of equipment.   

11.1.3     The Way Forward 

 It is now possible for the mining and metallurgi-
cal companies to leverage recent advancements 
in information and telecommunication technolo-
gies as part of their operational excellence drive. 

 Some mining companies are already working 
in this direction by integrating their operating 
data, scattered across multiple locations, into 
centralized database with dashboards and analyt-
ics capability with an aim to make a step change 
in improving productivity and reducing operating 
costs through better collaboration between differ-
ent business units. 

 Companies like Rio Tinto and BHP-Billiton in 
Australia, Codelco (in partnership with 
Honeywell called Kairos mining) in Chile, and 
some other companies and operations have taken 
steps in the direction of a partially or fully inte-
grated operations strategy (BHP-Billiton  2013 ; 
Sherring  2012 ; Zamora et al.  2010 ). 

 The following sections of this chapter will dis-
cuss in details as to how these evolving technolo-
gies could be utilized. This chapter will elaborate 
on the concept of an integrated mining and metal-
lurgical enterprise that comprises an architecture 

  Fig. 11.1    The integration (and traceability) of strategic and operational control of energy consumption in a multisite 
facility       
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involving fi ve logical layers. These sections will 
also illustrate, via case studies from the mining, 
cement and iron and steel industries, how auto-
mation systems and concepts are involved in each 
of these layers. In a subsequent section, the tech-
nology enablers for the fi ve-layer integrated 
enterprise shall be explained. The chapter will 
conclude by providing a stepwise implementa-
tion methodology for the integrated enterprise.   

11.2     The Integrated Metallurgical 
Enterprise 

11.2.1     Optimization Goals 

 The Integrated Metallurgical Enterprise inte-
grates the various functional elements of a metal-
lurgical organization from strategic, tactical, and 
operational points of view.  It allows for a simul-
taneous focus on both production and cost con-
trol.  This initiative provides the industry with an 
ability to deal with frequently changing business 
dynamics and is therefore strategic to many min-
ing companies. 

 For instance, in the mining industry, the target 
for tangible improvements through this initiative 
could be 5–10 % increase in productivity and a 
15–20 % reduction in operating costs as the fi rst 
step. These targets are realistic and are based on 
improvements that have been demonstrated by 
some mining companies pursuing even through a 
simpler strategy such as  Mine-to-Mill . 

 Another simple strategy is to integrate 
Geology, Mining, and Processing with a unifi ed 
visualization of the entire enterprise—focusing 
on a common target such as mining product qual-
ity (including grade and fragmentation) that 
delivers the best value in processing instead of 
just focusing on mining tonnage. This tactical 
goal in turn can result in the acquisition and 
tracking of relevant operational data—in the 
example above, the data collected and tracked are 
for instance, ore dilution, ore loss in waste, blast 
fragmentation, top size and hardness of rocks, 
mineral liberation during milling, metal recovery 
in process plant along with energy and material 
consumption for the mining and processing steps 

involved. The use of a web-based integrated 
dashboard to share such data between the differ-
ent stakeholders or functions along with the abil-
ity to interact and interrogate the database will 
allow personnel in different functions to co- 
operate as they all have one common goal as this 
goal is continuously displayed and monitored in 
strategic locations. 

 This integrated enterprise must have appro-
priate value drivers and KPIs. As an example, if 
a mining manager has indices that measure only 
tonnage and production cost per ton mined, then 
there is no incentive to change a well-estab-
lished blasting practice because such a change 
may increase the blasting cost per ton of ore 
mined. On the other hand, an integrated enter-
prise approach is defi ned holistically by a “hier-
archy” of metrics at various levels of abstraction 
and the organization strives to optimize across 
the hierarchy. 

 Having an integrated database with estimates 
of key value drivers and KPIs as mentioned 
above allows benchmarking of an operation in 
terms of its unique set of KPIs. This database 
could receive information from a number of 
sources such as:

•    The mine dispatch system  
•   The plant process data historian (PI system)  
•   The Laboratory Information Management 

System (LIMS)    

 An integrated enterprise strategy will require 
systems to measure, monitor, and control the raw 
data that result in the estimation of the key value 
drivers and KPIs across the mining value chain 
with an emphasis on optimization of the inter-
faces between business units to produce the 
desired outcomes. The key advantages of such an 
approach in the mining industry are availability 
of more accurate, reliable, and quantifi ed infor-
mation to assist with the following applications:

    (a)    Mine-to-Mill reconciliation and optimization   
   (b)    Ore stockpile management   
   (c)    Geometallurgical modeling   
   (d)    Dynamic mine block modeling and planning   
   (e)    Dilution control   
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   (f)    Grade Engineering (a new concept from 
CRC ORE mentioned in McKee ( 2013 ))   

   (g)    Mill feed stabilization      

11.2.2     Optimization Philosophy: 
Optimization of the Parts vs. 
Optimization of the Whole 

 As discussed earlier, one of the key differentiat-
ing philosophical insights seen in the industry 
now as a step change from traditional approaches 
has been to strive for optimization across the 
entire organization instead of only in parts. This 
goal is achieved via real-time integration of the 
enterprise. This philosophy has proven to be suc-
cessful in many industries including oil and gas, 
manufacturing, and recently in mining by bring-
ing many fragmented solutions together. 

 The “optimization of the parts,” no doubt, 
allows improving effi ciency of individual units 
and is still an important part of the mining or 
any metallurgical business. But this results in 
potential economic benefi ts to be missed as the 
focus is on constant execution to meet the tar-
gets of the individual business units, and the 
improvement opportunities associated with a 
systemic approach come only as an afterthought 
(Sherring  2012 ). As stated earlier, focusing on 
parts alone is tantamount to working in various 
business unit silos resulting in limited confor-
mance to life-of-mine (LOM) plan in the case of 
the mining industry and looking beyond the 
plan is often challenging. 

 In order to address these challenges and to 
improve profi tability, it is becoming imperative 
to look at a mining enterprise holistically requir-
ing a strong interaction of professionals in vari-
ous business disciplines involving Geology, 
Mining, Processing, Maintenance, Environment, 
Health and Safety, Finance, Supply Chain and 
Logistics, IT, HR, Community, and Public 
Relations. All of these professionals need to 
interact with a common automation platform that 
will allow for multiple applications to share data 
between them. 

 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 ). 

 The Rio Tinto experience, as shared by Sherring 
( 2012 ), suggests that an integrated operations 
strategy also allows a balanced focus on planning, 
execution, and improvements with an enabling 
organizational and working environment. 

 The Kairos Mining’s Collaboration Centre (a 
joint venture of Codelco and Honeywell) pro-
vides real-time monitoring of plant operating 
data and automated control systems for multiple 
sites with a focus on knowledge management and 
long-term process performance improvements 
(Zamora et al.  2010 ).  

11.2.3     Five-Layer Architecture 
for an Integrated Mining 
Enterprise 

 Typically, an integrated Mining enterprise could 
have fi ve logical layers as illustrated in Fig.  11.2 . 
The fi rst and the lowest logical layer involves raw 
data acquisition and monitoring of various unit 
processes, machines, sensors, and transducers in 
the production environment.

   The data acquired from the lowest layer is used 
by the control and the data analysis layer. This 
forms the second layer. The controllers in turn 
could be organized in a hierarchy (within this 
layer) based on the sophistication required. The 
lower level controllers are normally regulators—
meaning they are mandated to maintain a control 
variable within reasonable bounds of a reference 
set point. 

 The higher level controllers comprise supervi-
sory and intelligent controllers. These controllers 
will be able to respond to the dynamics and 
actively alter the set points or cope with the non-
linearity as they present themselves using various 
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Artifi cial Intelligence based or mathematical 
modeling techniques. Such controllers are very 
domain specifi c and are constructed to meet the 
challenges of a specifi c process dynamic. Also 
this layer houses “Historians” for recording his-
torical data and “Human/Machine Interfaces” for 
understanding the status of a process/machine 
visually for an operator. All of the subsystems in 
this layer are amenable to integration with the 
other layers in the architecture. Each low level 
controller, historian, and supervisory controller 
acts as modular component in the architecture that 
can exchange data with the other elements through 
standard conventions across a standard networks. 

 The third incremental layer is a plant-wide 
abstraction—one that integrates and visualizes the 
data across the individual business units—this 
layer comprises a web and mobile platform for uni-
fi ed visualization. This layer houses Manufacturing 

Execution Systems (MES) and Manufacturing 
Operations Management Systems (MOM). 

 The fourth logical layer is the action layer—
one that integrates workfl ows between different 
business units across the enterprise, not restricted 
only to the plant or production environments. In 
other words, this layer comprises systems that 
can enable integrated and automated work fl ows 
between the different business units. 

 And the fi nal layer enables “collaboration” 
between multiple stakeholders across different 
functional units within the enterprise. In other 
words, the collaboration layer allows for optimiza-
tion across multiple departments—often, one whose 
objective is to achieve “continuous improvement” 
such as minimization of costs, downtimes, varia-
tion, and maximization of the return on assets under 
multiple constraints spread across the different 
departments. The availability of the integrated 

Automated Work Flows

Raw Data
Collection
& Smart

Monitoring

Integrated
Information &
Visualization

Improved Control &
Data Analysis

Collaboration

  Fig. 11.2    Five layers of an Integrated Operations Enterprise (based on Sinclair  2012 )       
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enterprise architecture not only enables seamless 
synergy between the multiple stakeholders to effec-
tively and actively contribute, but also allows for the 
collective multidisciplinary team to generate pre-
dictive actions to effect control and optimization in 
a future time period based on the current state. 

11.2.3.1     Logical Layer 1: Raw Data 
Collection and Smart 
Monitoring (Examples) 

   Using Radio and Smart Tags 
for Ore Tracking 
 In the mining industry, ore tracking is becoming 
a necessity as mining operations are becoming 
immensely complex. This tracking enables effec-
tive integration between the mine and the mill. In 
other words, the  tracking allows for information 
fl ow to be synchronized with material fl ow 
throughout the cycle . Such tracking improves 
effi ciency and the effectiveness of the process—
especially when certain dynamic factors are at 
play, such as change in ore characteristics 
(Isokangas et al.  2012 ). Using RFID tags, a sys-
tem tracks ore types from the mine to the mill and 
through the process plants. Physical RFID tags 
are now available from a number of suppliers, 
with some tags specially designed for mining 
applications. They can be passive or active RFID 
tags. 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. These tags travel through a mine and pro-
cess plant in a series of steps. Initially, the tag and 
insertion location is logged using a handheld 
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 for 
recording the time and the tag at various points. 
The RFID tag data is then loaded into a central-
ized database and analyzed as required. 

 The use of a tag system allows development of 
relationships between ore characteristics (avail-

able in the mine block models) and operating 
parameters in the mine and processing plant 
(such as ore dilution, fragmentation, stockpile 
residence times, segregation, energy consump-
tion, ore grade) along with actual mine produc-
tion and metal recovery. With this knowledge, 
 operating parameters can be optimized in real 
time  to respond rapidly to changes in ore charac-
teristics, thus resulting in control of operating 
costs and improving productivity.  

   Fragmentation Analysis 
 Optical sizing technology for measuring size dis-
tribution of fragmented rocks after blasting 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 technol-
ogy, mining blast professionals could evaluate, 
reassess and redesign their blasts, while under-
standing the effect of their design on their fi nal 
product. In addition, they could begin to quantita-
tively evaluate the effect of geological structure 
of their blasts. Although the accuracy of this 
method is low, but still useful as an alternative 
method of screening large masses of rocks. 

 The new generation of the Split-Online digital 
image analysis has been applied for accurate, 
continuous, and rapid measurement of rock frag-
mentation. Cameras are installed along key stages 
of crush, convey, and milling processes to deter-
mine rock fragmentation size. The critical data 
for mining operations, including particle size, 
shape, color, and texture, are calculated by the 
advanced split algorithms and can be reported to 
a centralized database to enable real-time evalua-
tion by mine operators and management. 
Installation of the Split-Online camera systems in 
various stages of the comminution process at the 
Morila gold mine in West Africa resulted in a 
10 % mill throughput improvement (Gillot  2006 ). 
Split-Online cameras along with ore tracking 
system have signifi cant potential for operations 
and can provide information on the less under-
stood interface between mine and mill, which is a 
key for successful implementation of an inte-
grated operations strategy.  
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   Using Piezo Electric Sensor Array for Slurry 
Flow Meters and Density Gauges 
 A new innovative technology for noninvasive 
fl ow measurement using piezo-electric sensor 
array has recently achieved wide acceptability 
in the mining industry with some signifi cant 
benefi ts compared to the traditional fl ow meter 
technologies such as Electromagnetic, 
Ultrasonic Doppler, Differential Pressure, or 
Coriolis (Markoja  2011 ). These fl ow meters 
have recently been used for better quantifi ca-
tion of recirculating loads in a grinding circuit 
and also allow metal balancing and reconcilia-
tion in a process plant for better Mine-to-Mill 
reconciliation.  

   Using Light and Chemometrics for 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 offl ine-based mineralogy and 
assays measurements that are used presently. 
Online mineralogy measurement from 
BlueCube™ technology is a major breakthrough 
and has recently been successfully implemented 
in many precious and base metals industries 
(Mumbi  2012 ). This technology is based on dif-
fused refl ective spectroscopy combined with 
propriety chemometric techniques.   

11.2.3.2     Logical Layer 2: Improved 
Control and Data Analysis 

   Supervisory Control Hierarchy 
 The control layer is responsible for local control 
of the process. The sophistication of controllers 
depends on the complexity of the process—
simpler PID controllers are suffi cient for linear 
control assumptions but more sophisticated 
approaches are necessary for processes that 
exhibit nonlinear dynamics. Control of such pro-
cesses requires the development of a mathemati-
cal model of the process or plant dynamics. The 
parameters defi ned in the mathematical model 
are then dynamically calibrated before they are 

implemented as part of the controller of the pro-
cess or plant. The controller is designed to cope 
with the dynamics of the plant/process for vari-
ous set point and output conditions. 

 The problem arises when a critical process 
variable which is an input to the controller cannot 
be measured or the dynamic parameters of the 
model are imprecise or if there are external dis-
turbances to the process that are not known or are 
not modeled—which are also the realities of the 
mining and metallurgical industry. The control-
lers degrade rapidly and the need for active 
refi nement of the controller is necessary—which 
introduces the need for a supervisory layer. In 
these cases, the set point itself has to be changed 
to cope with the changing dynamics of a process, 
and/or, to compensate for the errors or the incom-
pleteness in the model of the process. In such 
cases, a hierarchical structure of controllers will 
be used to control and optimize the process at 
various levels of abstraction. 

 The low level controller normally drives the 
system towards a local set point but does not 
guarantee global convergence especially in the 
wake of disturbances and infl uencing factors that 
are outside the scope of the local controller. In 
order to compensate for such factors, a supervi-
sory control loop will be necessary. For instance, 
supervisory control is needed when the set point 
itself has to be modifi ed actively and dynami-
cally. Figure  11.3  shows a supervisory control 
hierarchy proposed by Bergh et al. ( 2007 ) for a 
copper solvent extraction pilot plant.

   Solvent extraction is an important operation in 
hydrometallurgy—this involves a process of 
transfer of soluble metal compounds occurring 
between aqueous and organic phase. Extraction 
is a chemical reaction between the metal ion in 
the aqueous phase and the extractant from the 
organic phase. The control objective requires a 
trade off between the concentration and fl ow of 
the Pregnant Leach Solution, the fl ow and con-
centration in the organic phase of copper, the 
degree of entrainment of organic in the aqueous, 
the aqueous carryover in the organic, etc. 

 In such a process, the control is shown to be 
organized in three levels by Bergh et al. 
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( 2007 )—(a) local control loop as specifi ed ear-
lier; (b) hydrodynamic supervisory control loop; 
and (c) metallurgical supervisory control loop. In 
their example, fi eld measurements included fl ow, 
level, and conductivity—these are provided as 
data inputs to a Programmable Logic Controller 
(PLC). The output of the PLC is the set point for 
the local level controller. 

 The hydrodynamic supervisory control loop 
acts as a process supervisory controller whose 
mandate is to control the fl ow rates between dif-
ferent process units and the stock solution levels 
in a coordinated manner. This would enable every 
process unit to be operated in  different  internal, 
external, or overall organic/aqueous ratios. 

 The metallurgical control loop can then pro-
vide the set points for local and the overall 
organic/aqueous ratios in order to modify the 
metallurgical targets of the copper concentration 
in different streams. The inherent problem here is 
the uncertainty in the measurement of the con-
centration of each stream. In order to achieve rea-
sonable values for the concentration two major 
approaches have been reported in the literature—
a prediction approach that relies on the use of sta-
tistical or Artifi cial Intelligence techniques; or 
fi tting a dynamic model by means of experimen-
tal data. In both cases, the values obtained for the 
concentration of copper in the various streams 
have been used for developing a metallurgical 
strategy—such as the best operating conditions 

(set points as mentioned above) for the solvent 
extraction plant given the dynamic inputs. 

 Another example of metallurgical supervi-
sory control driving lower level controllers is 
found in iron and steel making—especially in 
the characterization of slags. It is well known 
that the composition of the slags have an impact 
on specifi c physical and thermodynamic prop-
erties of steel, such as viscosity, density, activ-
ity, sulfi de capacity, and so on. A system was 
recently developed based on the theoretical and 
experimental fi ndings of Seetharaman 
(Thermoslag Ver. 2.0  2010 ) to provide a reverse 
optimization of slag composition, given certain 
desired properties of steel which are in turn 
based on a specifi c application. That is, the 
metallurgical supervisory controller in this 
case was capable of providing the appropriate 
ranges for the slag composition for achieving 
the lowest viscosity, or highest sulfi de capacity, 
for a given set of components. These set points 
are then usable by the low level controllers to 
achieve the desired result. 

 One of the main innovations in the control 
layer is the integration of the control design tech-
nology with Artifi cial Intelligence techniques. 
The basic idea is to represent the equipment or 
plant under consideration as a  Mixed Logical 
Dynamic System , i.e., systems evolving accord-
ing to continuous dynamics, discrete dynamics, 
and logical rules. In particular, fuzzy control, 

Metallurgical set points

Local control set points

Metallurgical
Supervisory Control/

Simulation

Local Control

Process Supervisory
Control

  Fig. 11.3    An example 
of a supervisory control 
hierarchy (from Bergh 
et al.  2007 , © 2007 
Canadian Institute 
of Mining, Metallurgy 
and Petroleum)       
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genetic algorithms, and neural networks have 
been extensively used to provide inputs, referred 
to in the industry as “soft sensors,” to the lower 
level controllers (Fortuna et al.  2007 ). The val-
ues for the soft sensors are derived from process- 
dependent rules, which are in turn, designed or 
“trained” for each specifi c application. The soft 
sensors provide a major advantage—they act as 
“signals” of variables that are diffi cult or impos-
sible to measure at high sampling rates. In other 
words, this technique is useful when it is impos-
sible or diffi cult to physically measure a process 
variable that is important for the control and 
optimization of the process. For instance, in 
mineral processing, an obvious example to be 
used in grinding is predicting particle size aver-
age as a function of the mill state and history. 
Another case would be the construction of “free 
lime soft sensors” for cement and lime kiln con-
trol. Yet another example is assessing the tem-
perature distribution of a kiln or furnace in a 
continuous manner. 

 Also such soft sensors are used to provide a 
backup for critical process measurement devices 
(Fig.  11.4 ). In the case of a failure of critical pro-
cess measurements, a soft sensor can provide the 
control strategy with a usable “estimate” of the 
missing measurement. This allows the controller 

to continue to work to its objectives while the 
failed device is repaired.

   The lower level controllers are normally 
implemented using Programmable Logic 
Controllers (PLCs) or Distributed Control 
Systems (DCS). The tactical level controllers are 
implemented using either SCADAs or PCs. The 
supervisory metallurgical control loop is nor-
mally executed offl ine using a PC. These three 
hierarchical levels are normally found in any 
sophisticated control system controlling a com-
plex metallurgical process. 

 PCs and DCS systems are generally needed 
for implementing dynamic controllers. A com-
monly implemented dynamic controller in the 
metallurgical industry is Model Predictive 
Control (MPC). MPC is based on the “receding 
horizon” principle that allows for future optimal 
control actions to be computed only for a short 
future time horizon: [ t ,  t  +  T ], where  t  is the cur-
rent time and  T  is the prediction horizon length. 
The most important innovation in this type of 
controller is that only the fi rst term of the 
sequence is implemented. Subsequently, a new 
sequence that replaces the previous one is com-
puted when a fresh set of updated measurements 
are available. And once again the fi rst term in this 
sequence is only implemented and this cycle goes 

Plant

Low Level Process Controller

Supervisory Controller

Soft Sensors

Control
Actions

Supervisory
Actions

  Fig. 11.4    Soft sensors 
serving as inputs to low 
level and supervisory 
controllers—As an 
alternative to unreliable 
or diffi cult to measure 
physical sensors       
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on. In other words, every sequence is computed 
in an incremental manner. 

 MPC thus involves extensive mathematical 
modeling of the process in question, and the 
selection/design of a suitable objective function. 
MPC is often used for control and optimization 
of kilns, furnaces, mills, etc. (Alvarez  2005 ).  

   Kiln Alternative Fuels Optimization: 
Case Study 
 With increased focus on reducing the cost of 
operation of cement plants, organizations have 
started adopting alternate fuels for kilns. This has 
introduced some challenges—for instance, one 
has to cope with the different characteristics of 
the different alternative fuels. 

 ABB developed a kiln (cement) control strat-
egy (Alvarez  2005 ) that achieved optimal kiln 
operation. These control strategies were based on 
neural networks and fuzzy control. This system 
incorporated an Alternative Fuels Optimization 
Module based on Neuro-Fuzzy controller inte-
grated to an MPC. This advanced control appli-
cation has been reported to have achieved 
optimized use of alternate fuels, reduction of 
waste, and strict satisfaction of environmental, 
contractual, and technical constraints. 

 The main idea here was to use the data gath-
ered by the data acquisition layer and addi-
tional data from the market and LIMS to 
calculate the lowest cost fuel mix that satisfi ed 
the process and business constraints. The basic 
element of this algorithm as reported in the 
paper was a dedicated kiln model that was used 
for Model Predictive Control. The mathemati-
cal model estimated cooler, fl ame, burning 
zone, back end and preheater temperatures, 
kiln energy requirements, emission and vola-
tiles levels, etc. The model parameters were 
tuned using a combination of neural networks 
and Kalman fi ltering techniques.  

   Process Historian 
 At the turn of this century, it was envisaged that 
process data needed to be acquired in a real-time 
basis with accurate time stamps to observe the 
global trend of the system. This was much beyond 
the need of just collecting data for tracking a 

local controller’s set point. This resulted in the 
development of the Process Historian. Process 
Historian have come a long way in acquiring 
plant management information about production 
status, performance monitoring, quality assur-
ance, tracking and genealogy, and product deliv-
ery with enhanced data capture, data compression, 
and data presentation capabilities. The historians 
allow for archival of time-based process data that 
can be used in a future period for elaborate 
analysis.   

11.2.3.3     Logical Layer 3: Integrated 
Information 

   Mining Example: Mine-to-Mill Integration: 
Optimization of Blasting Costs vs. Milling 
Costs 
 The use of RFID tags to synchronize information 
fl ow with material fl ow was discussed earlier. 
The emphasis therein was on the data acquisition 
technology. In this section, a further elaboration 
of Mine-to-Mill strategy is provided from the 
point of view of illustrating how the integrated 
information (which is the subject matter of this 
chapter) can enhance the performance of mining 
and downstream processing activities. 

 One of the key objectives of the Mine-to-Mill 
integration is to maximize the profi tability of 
operations through a holistic approach to the 
optimization of ore fragmentation. 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 
distribution is typically generated through blast-
ing (ROM size distribution), crusher settling 
along with stockpile and feeder management. 
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 Mine-to-Mill now is a proven methodology 
and has been applied at many large open pit 
operations around the world (McKee  2013 ; 
Renner et al.  2006 ). This involves rock charac-
terization, benchmarking, and process model-
ing. 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. 

 These Mine-to-Mill challenges are similar to 
that faced by business improvement opportuni-
ties such as in Lean and Six Sigma implementa-
tions and could be addressed through a 
dedicated and systematic effort. The concepts 
involved in Mine-to-Mill could be readily 
applied to Mine-to- Metal or for Ore-to-Profi t 
applications. The key principle is to make 
changes upstream to improve quality of feed 
stream to reduce costs and improve effi ciency 
through a holistic approach involving the entire 
mining value chain.  

   Integrated Operations Support 
and Quality Production Reporting 
 A recent development in the mining industry has 
been the establishment of operations centers, 

both on site and remote, where a substantial part 
of the total operation is monitored and con-
trolled. Such centers are designed to oversee 
multiple aspects of an operation and this directly 
assists in establishing the desirable integrated 
thinking. While operations centers are not essen-
tial to an integrated thinking approach, there 
appears to be little doubt that they will help facil-
itate this goal as evident from recent successes 
from many companies. Figure  11.5  shows the 
various levels that an operation must achieve to 
obtain improved productivity.

   The key target for any organization that is 
embarking on an integrated enterprise is to 
focus on obtaining quality and reliable operat-
ing data. This step is critical because some 
operations may not be willing to present their 
operating data on visible dashboards if day-to-
day operating data obtained from various 
instrumentation, historians and analytical tools 
in operations are not reliable. Most operations 
rely on month-end inventory to report gold pro-
duction as an example. Daily accurate reporting 
of gold production is challenging because of 
limitations in reliable metal balancing and 
accounting processes—due to sometimes poor 
reconciliation between mine and mill and also 

  Fig. 11.5    Operations maturity levels required for improved productivity       
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within the different processing steps in an oper-
ation. This is not the fault of operations as 
embracing new ideas and relevant technologies 
require a joint effort between different func-
tions in operations and also the corporate 
requiring an integrated platform to maximize 
value within the mining value chain. 

 To achieve this, typically, a comprehensive 
mobile and web dashboard displaying up to date 
values for the relevant KPIs are available to all 
important stakeholders across the enterprise to 
monitor and track performance and extract use-
ful reports from a common database. This 
replaces the conventional silo-based individual 
reports generated by disparate systems in differ-
ent departments that are based on distinct and 
separate databases. Due to the disparity in the 
master data stored in the different systems, 
reports generated from these systems do not 
refl ect one truth.   

11.2.3.4     Layer 4: Automated 
Workfl ows 

   Plant to Enterprise Integrated Workfl ows 
 The corporate operations in the metallurgical 
industry as in the case of any manufacturing 
organization involves fi nance, purchasing, sales 
and marketing, human resources, asset manage-
ment, and production planning actions whereas 
the production operations are mainly related to 
the execution of production processes which will 
involve several functions such as scheduling, 
inventory, logistics, and quality. Figure  11.6  
below shows the different functions in the execu-
tion process and how they are interrelated to 
each other and the enterprise level planning pro-
cesses. Until recently, the workfl ow between dif-
ferent processes were human centric and paper 
based. The operations of the production environ-
ment and that of the corporate (enterprise) were 

  Fig. 11.6    Integrating enterprise operations using ERP software       
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distinct and separate and were fraught with 
delays and latencies due to the lack of instanta-
neous and real-time visibility of operations 
across the enterprise.

   With the advent of the unifi ed visibility that 
was explained in the previous section, it is now 
possible for the various departments to start tak-
ing action in real time in response to “current” 
events. This has resulted in integrated workfl ows 
between departments and their functions using 
software applications leading to increased opera-
tional effi ciencies. 

 The fi rst generation integration in the work-
fl ows was achieved in the corporate side using 
Enterprise Resource Planning (ERP) applica-
tions (Fig.  11.6 ) which cut across the corporate 
functions mentioned above (Finance, Purchasing, 
Marketing, Human Resources, Production 
Planning, and Asset Management). An ERP 
solution with integrated workfl ow management 
provided three immediate advantages—fi rstly, it 
allowed for instantaneous and unifi ed tracking of 
“operational states” of business processes across 
all related corporate functions as opposed to 
only getting periodic manual updates extracted 
from individual silos of information. Also, the 
dynamic occurrences of events in any division or 
department (within the corporate environment) 
were immediately notifi ed to the other depart-
ments via alerts or information in a common cor-
porate portal. 

 Secondly, ERP used a common database 
across all functions as opposed to maintaining 
individual silos of data. The common database 
allowed for automation applications to share data 
between the different departments mentioned 
above. As a result, interdepartmental workfl ows 
were possible. For instance, in the cement or iron 
and steel industries, fi nance could trigger (inte-
grate) the purchasing workfl ows for raw materi-
als (order processes) more effectively based on 
the current and actual production plans that in 
turn could be actively formulated based on the 
actual current demand. The availability of real 
time or near real-time information allowed for 
the individual departments to take informed deci-
sions and thereby reduce waste and costs signifi -
cantly. This was not possible in manual, 

paper-based workfl ows that relied on historical or 
outdated information. 

 Thirdly, ERP allowed for the implementation 
of best practices across the enterprise and reduced 
process variance. In other words, each functional 
module of an ERP system encapsulated the 
industry best practices which allowed for stan-
dardization of the operations and better compli-
ance with regulatory norms. 

 The second generation in work fl ow integra-
tion happened in the plant environment with the 
integration of production, logistics, production 
scheduling, inventory, and quality. The individual 
functions were subdivided into modules and best 
practices for the execution of the functions were 
provided as workfl ows. 

 Real-time reporting of the “state” of the plant 
operations was available in a plant portal very 
similar to the corporate portal. These applications 
were called MES. An MES system by defi nition 
is a software application that can provide the 
real-time information of the “state” of the plant 
fl oor equipment, processes, etc. so that plant per-
sonnel can optimize the plant performance in real 
time. As in the case of an ERP system, it is a 
resource orchestration and execution system in 
the plant fl oor. 

 The advantages of an MES system are multi-
fold but the following are probably the most 
important ones:

    (a)    Improvement in the overall equipment effec-
tiveness (OEE)   

   (b)    Reduction in paper-based and manual 
processes   

   (c)    Reduction in inventory     

 Of the above, the fi rst item encapsulates three 
important aspects of improvement of plant per-
formance—improvement in availability, produc-
tivity, and quality. The real-time calculation of 
OEE has now become a standard best practice in 
the industry for tracking production performance. 
Most MES systems have built in alarms and 
thresholds that are set to alert appropriate person-
nel if the OEE values are reducing beyond a 
desirable level to immediately take appropriate 
corrective action (Fig.  11.7 ).
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   Apart from improving production perfor-
mance, MES systems help in the integration of 
multiple functions as stated above based on a 
common database very similar to the ERP appli-
cations. Since the various functions like logistics, 
maintenance, and production can share data, it is 
possible to optimally schedule production taking 
into consideration raw material input, availability 
of equipment, etc. Furthermore, MES applica-
tions are used to track optimality of a process—
for instance, MES can track the effi ciency of a 
process or equipment for that matter such as a 
boiler or a pump or a cooling tower and respond 
with alarms whenever the values go off limits. 
MES systems are also employed for tracing the 
complete history of the operations as they happen 
in the plant fl oor based on batches, operations 
within batches, equipment condition, and person-
nel operating the equipment. Such traceability is 
important in the metallurgical industry for meet-
ing regulatory norms. 

 In summary, MES implementation has 
allowed the industry to eliminate waste, monitor, 
and alert suboptimal performance, integrate and 
automate workfl ows between different functions, 
track the execution of processes, improve stan-
dardization and quality, and because of all of the 
above, reduce the cost of operations. 

 Even though the ERP and MES applications 
have contributed to integrate workfl ows within 
the corporate and the plant fl oor environments 
respectively, they were considered as two distinct 
islands of automation and were not integrated to 
each other until the middle of the last decade. The 
need for integration of the workfl ows beyond the 
plant or the corporate was precipitated by the need 
for better effi ciencies, and to remove the latencies, 
in the day-to-day transactions between these two 
environments within a manufacturing organiza-
tion. This has resulted in the birth of the third gen-
eration in workfl ow integration, which is widely 
called, Plant to Enterprise (P2E) Integration. P2E 

  Fig. 11.7    Integrated plant operations using MES       
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integration allows for real-time integration of 
business processes in the plant operations with 
those in the corporate operations. 

 In parallel, the International Standards 
Association (ISA) introduced a standard for the 
integration of enterprise and control systems, 
ISA-95 (Gehman  2013 ). This is not only for the 
metallurgical industry in particular but the over-
all process and discrete manufacturing industry 
in general—even though the standard has a cer-
tain bias towards the process industry. ISA-95 
consists of models and terminology for defi ning 
the workfl ows between the control systems in the 
plant and other software application in the enter-
prise. These standards are used in the industry to 
determine which information has to be exchanged 
between systems (software applications) for 
sales, fi nance, logistics production, maintenance, 
and quality. This information is structured in 
Unifi ed Markup Language (UML) models, which 
are the basis for the development of the standard 
interfaces between ERP and MES systems. 

 The ISA-95 standard can be used for several 
purposes, for example, as a guide for the defi ni-
tion of user requirements, for the selection of 
MES suppliers, and as a basis for the develop-
ment of MES systems and databases and to inte-
grate specifi c departments within the enterprise 
regardless of whether they are part of the plant 
fl oor or the enterprise. In that sense, ISA 95 has 
provided a guideline to break the artifi cial walls 
that existed between the plant and the enterprise 
and to allow for “data sharing” between these 
two environments between applications that 
reside in each of these environments. As a result, 
it is possible to implement a business process 
workfl ow that transcends multiple applications 
today. By doing so the manufacturing industry is 
not held hostage by the limitations of the soft-
ware packages and solutions—the individual 
software solutions collaborate and integrate to 
implement business process of the organization 
in an automated and effi cient manner. Today, ISA 
95 is one of the most powerful standards for inte-
gration of plant to the enterprise and vice versa. 

 These Plant-to-Enterprise solutions were subse-
quently identifi ed as being part of “Manufacturing 
Operation Management (MOM)” solutions which 
encompassed a broader scope of connecting not just 
a plant to the enterprise but multiple plants and even 
the supply chain. MOM is different from MES in 
that it allowed for organizations to integrate out-
sourcing to internal operations, to standardize oper-
ations across plants and supply chain partners. 

 The above-mentioned wider scope has recently 
been included as part of the ISA-95 systems hier-
archy shown in Fig.  11.8 . In this hierarchy, the 
low level controllers, Human Machine Interfaces 
and Supervisory Controllers and Data Acquisition 
occupy Levels 0–2, MOM solutions/software 
platforms, scheduling software, inventory control, 
and other plant operations occupy Level 3 and 
enterprise operations (such as those controlled 
and automated by ERP, EAM, etc.) occupy Level 
4. In general, MOM platforms aggregate the vast 
quantities of data coming from controls, automa-
tion, and supervisory control and data acquisition 
(SCADA) systems and convert them into useful 
information about the production operation. In 
that sense, MOM platforms facilitate a more com-
prehensive, real-time view of all the plants and the 
supply chain as an integrated unit.

   Typically, an MOM solution comprises one or 
more of the following attributes:

•    A confi gurable solution as opposed to being 
hard coded to a particular application or 
domain  

•   Standard integration to Enterprise Systems 
such as ERP and EAM systems  

•   Standard integration to Industrial Automation 
and Plant Control Systems  

•   Capability to represent manufacturing data 
and equipment in a standard model  

•   Capability to perform business process mod-
eling and integrate workfl ows automatically  

•   Capability to visualize the current status of the 
plant and the enterprise in multiple media  

•   Capability to aggregate, analyze, and respond 
to real-time manufacturing events    
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 The example below illustrated in Fig.  11.9  is 
an MOM use case that integrates production 
and maintenance to achieve better usage-based 
active Preventive Maintenance. Traditionally, 
Preventive Maintenance in the metallurgical 
industry has been time based—that is based on 
an elapsed duration of time—regardless of the 
usage of the machine during the elapsed time. 
Therefore, a machine could be either over 
maintained or under maintained based on how 
much the machine has been used during the 
said time period.

   With the advent of the MOM platform, a use 
case for integration of actual usage of a machine 
to a Preventive Maintenance schedule is possible. 
The fi gure shows the MOM solution collecting 
the usage (run time, number of cycles, etc.) from 
the machines in the shop fl oor and automatically 
updating the Enterprise Asset Management 
(EAM) system on the corporate side in real time. 
The EAM system, on the other hand, triggers a 
workfl ow for generating a PM work order auto-
matically once a threshold of usage is crossed for 
any machine. By doing so, the EAM system that 

  Fig. 11.8    The 
manufacturing value 
chain—ISA 95 Standard       

  Fig. 11.9    An MOM solution—Real-time production to asset management integration example showing the replace-
ment of the human loop by an automated P2E solution ( Enterprise Gateway 2010 )       
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was an isolated system previously has now 
become integrated to the plant dynamics. The 
wastage due to over maintenance or under main-
tenance of machines is avoided.   

11.2.3.5     Logical Layer 5: 
Collaboration Layer 

 The discussion on the four layers thus far explained 
how automation in data access, communication, 
control, visualization, and workfl ow integration 
can help in building an integrated enterprise. This 
infrastructure can be helpful to an organization to 
“collaboratively” achieve optimized solutions to 
problems that impact multiple departments and 
stake holders in a holistic manner. This collabora-
tion function constitutes the fi fth and the fi nal 
layer of the fi ve-layer architecture. 

 There is a difference between the type of col-
laboration that is achieved via workfl ow integra-
tion (the fourth layer of the architecture) and 
what is discussed in this section. The workfl ow 
integration allows for a seamless and sequential 
execution of standard operational processes that 
transcend multiple departments. The dynamic in 
this case is more or less known and the integra-
tion is very much a routine one. 

 The collaboration that is referred here is a 
deeper quest for achieving an optimization goal 
whose dynamic is understood via the synergy 
between the multiple stakeholders. The availabil-
ity of real-time data, historical data, meta data 
(information), integrated work fl ows (wherever 
possible), and unifi ed visibility only helps in 
achieving this collaboration. The collaboration is 
enabled by automation (the integrated architec-
ture) but involves the human loop—supervisors, 
managers, domain experts, and analysts to col-
lectively solve the problem in hand using the 
data, meta-data, and knowledge generated from 
the said automation. The following section out-
lines an example of collaboration using a case 
study in the cement industry—for removing pro-
cess variation. The fi rst part of the discussion 
illustrates how the cement company collaborated 
to solve a problem in hand. The second part 
explains one way to perform collaboration to 
continuously  prevent  problems. 

   Collaboration: Cement Industry 
Case Study 
 A key challenge for any process manufacturing 
industry is to maximize the utilization of its criti-
cal assets, while maintaining customer satisfac-
tion, cost, safety standards, and product quality. 
Cement manufacturing processes is impacted 
adversely like any other industry when the equip-
ment is unreliable, when the processes are unsta-
ble, when raw material quality is not consistent 
and when excess variation exists in how the plant 
is operated. A case study has been reported in 
the literature (Arora  2007 ) that discusses a col-
laborative effort at Adelaide Brighton Cement 
Ltd. for achieving a common goal of removing 
 downtime . In this particular case, there was a 
need for predictability in (a) the volumes of 
cement, clinker or lime produced, (b) the quality 
of the product(s), and (c) the cost of manufactur-
ing. Previous initiatives of the company were 
reported to be silo based and had focused on 
reducing costs alone or trying to improve opera-
tions without probing into a deeper need for 
achieving stability in the dynamic interplay 
between productivity, quality, and reliability. 
The company’s previous non- collaborative, but 
departmental approaches to solve the problem in 
parts had been more or less ineffective. 

 With the common goal of achieving stability 
in the overall process dynamics (read reduced 
process variation), the collaborative team started 
probing into the causes of variation in the process 
and their occurrence patterns. This required col-
lection of data. However, the team had to collect 
data manually which was in itself affecting plant 
performance as the process engineers were 
spending up to 3 days per month simply generat-
ing reporting data and not focusing on improving 
plant operations. This lack of timeliness for data 
analysis meant that it would be days or weeks to 
understand the plant dynamics. The Process and 
Engineering teams also manually gathered and 
recorded downtime data using a number of 
sources such as Control Room log sheets, MS 
Access databases, and MS Excel spreadsheets. 
As a result, there were different points of view 
and no single version of the truth. This motivated 
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the company to use appropriate tools for produc-
tivity, conformance (quality), and reliability. 

 The company embarked on using some auto-
mated data collection and analysis tools (the fi rst 
two layers of the integrated architecture). The online 
data immediately started providing trends that 
pointed to why the process is varying. A downtime 
reduction software was used as part of the Reliability 
Improvement Plan to assist the site to record and act 
on emerging failures in “real time,” before the stop-
pages manifest into larger, more costly downtime 
events. This also improved the productivity. 

 The plant also introduced a production system 
that provided the following real-time data: 
Metrics such as, fuel effi ciency GJ/t, power 
consumption—kWh/t, production data—sacks/h, 
tph equipment reliability—run hours, % utiliza-
tion, % reliability, % quality, % performance fac-
tor (% of MDR [Maximum Demonstrated Rate]), 
wastage—rejects tons, etc. were tracked (Level 3 
of the integrated architecture). With the basic 
three- layer infrastructure in place, the collabora-
tive team was able to address the common prob-
lem of process variation. 

 The team identifi ed and categorized the 
sources of process variation to be as follows: (a) 
variation in raw material attributes and quality; 
(b) variation in operator performance and train-
ing; (c) variations due to seasonality and demand 
patterns; (d) variations in instrumentation—
calibration and accuracy; (e) variation in mainte-
nance checks—frequency and quality; (f) 
variation in the work instructions, KPIs. 

 With the automated systems and technology, 
the company had access to relevant and timely 
information and therefore the ability to monitor 
many sections of the plant via centralized control 
rooms and effect useful actions. They identifi ed 
certain trends such as differences in trip rate 
across shift groups. This was identifi ed therefore 
as a management problem and one of the stan-
dardizations across the various groups. 

 The synergy between the groups provided for 
the understanding that the stabilization of the 
variation in the process has to be done in an 
incremental, evolutionary, and continuous man-
ner taking into consideration all of the above- 

mentioned factors that contribute to variation. 
This data driven, continuous improvement col-
laborative initiative has been useful in signifi -
cantly improving raw mill control, kiln, and raw 
mill stoppages. The company concluded that the 
inclusive methodology adopted with all con-
cerned employees and their collaboration and 
commitment with the focus on stabilizing the 
process continuously has delivered the improve-
ment in kiln operation by signifi cantly reducing 
stoppages and downtime by 50 %.  

   Proactive Collaboration: Asset 
Performance Management Example 
 The previous case study demonstrated a real situ-
ation of solving an existing problem of process 
variation via data-driven collaboration between 
multidisciplinary teams—namely, production, 
quality, fi nance, and maintenance. It also demon-
strated the value of real-time data and informa-
tion in addressing process optimization that 
involve multiple stakeholders in the company. In 
this section, the concept of collaboration is taken 
to the next step—to perform proactive interfer-
ence in the dynamics of a plant in order to intro-
duce desirable effects and eliminate undesirable 
performance in a future time period. 

 In asset intensive industries (such as the met-
allurgical industry), one of the important strate-
gic goals is to achieve a better return on assets as 
they constitute a signifi cant portion of the invest-
ment. In order to not lose track of such a strategic 
goal, there is a need for synergy between multiple 
stakeholders of the business to foresee all possi-
ble conditions that can lead to the goal not being 
tracked in a future time period and avoid them 
beforehand. The reader must note the difference 
between this approach and the conventional 
approach of identifying the reasons for a problem 
after it has occurred. 

 Asset Performance Management (APM) is an 
evolving methodology that allows for  collabora-
tively  and proactively achieving a desired perfor-
mance in the assets that will identify a good 
majority of failures before they happen as 
opposed to addressing all of the problems after 
the failures have occurred. 
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 APM is not a onetime initiative but a continu-
ous improvement process. It departs from the 
conventional view of looking at an operational 
piece of equipment as a depreciating asset—but 
rather as a driver of business performance and 
sustainability. Traditionally, there have been dif-
ferent primary drivers for an APM collaborative 
initiative—most of them fundamentally aim at 
either maximizing profi t, avoiding risks, getting 
better return on production assets, minimizing 
costs, minimizing variation, etc. 

 The emerging trend is one that looks at APM 
evolving in an organization due to a synergistic 
combination of all of the above drivers. In other 
words, no longer is a mill only interested in regu-
latory compliance as a driver for APM—but also 
wants to put in place a multipronged strategy of 
maximizing productivity and quality as well to 
achieve better profi tability. Slowly mining com-
panies are transforming from defi ning multiple 
initiatives that address asset performance (as a 
part of those initiatives) to an Asset Performance 
Initiative that spans multiple disciplines and 
stakeholders within an organization to track 
superior performance in a future time period. 

 Typically, in the mining industry for exam-
ple, the processing units are mandated to maxi-
mize productivity—from an asset performance 
standpoint that means every asset (excavators, 
conveyors, crushers, grinding mills, etc.) must 
maximize their effectiveness and effi ciency for 
a given set of dynamic conditions. The corpo-
rate governance/compliance department would 
like to continuously reduce the risks and 
exposure—from an asset performance point of 
view, this means the assets in question must 
have some redundancy built in their critical sys-
tems in addition to having a record of failures, 
the impact of these failures (penalties, loss), and 
the probability of occurrence of these failures in 
any given future time period. The quality depart-
ment would like to reduce the Cost of Quality—
this means (from an asset performance point of 
view) the preventive and the appraisal costs of 
quality of a product output from the assets 
should be increased to reduce quality problems 
in a future period. The maintenance department 
would like to reduce its annual maintenance 

costs as a percentage of the overall operational 
costs. The corporate executive on the other hand 
would like to maximize the return on the assets 
in order to provide maximum returns to the 
shareholders. This would mean the increase in 
net profi t without an increase in new capital 
expenditure. Therefore, an APM process by def-
inition would have multiple, individual depart-
mental goals that need to be simultaneously 
achieved—in other words, the strategies 
employed within the APM process for the 
achievement of a particular departmental goal in 
a future time period cannot violate the achieve-
ment of the stated goal of another department. 

 The example in Table  11.1  below shows how 
in an APM process (that spans multiple depart-
ments) every department strives for optimality in 
the achievement of the goals across multiple 
related departments.

   Let us take the fi rst row as an example—the 
production department’s goal of maximizing 
profi tability from its operational assets in this 
case is achieved without violating the goal of the 
maintenance department, which is, to keep the 
maintenance costs of these assets at a minimum. 
The same is true with the quality department—
which has to decrease the cost of quality without 
increasing the cost of maintenance (which is the 
maintenance department’s goal), and so on. The 
multidisciplinary APM team therefore has to 

   Table 11.1    Optimization of multiple objectives   

 Department  Goal  To not violate 

 Production  Maximize 
operational 
profi tability 

 Maintenance 

 Maintenance  Decrease 
maintenance 
costs 

 Production, 
Quality 

 Quality  Reduce cost 
of quality 

 Maintenance 

 Corporate 
governance 

 Reduce risk 
via redundancy 
and prediction 
of failures 

 Production 
and 
maintenance 

 Executive  Return on 
production 
assets 

 Corporate 
governance 
production, 
maintenance, 
and quality 
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work out a set of “common minimum strategies” 
that collectively achieve the goals of every 
department without violating the goals of the 
other related departments. 

 Typically, such strategies are defi ned directly 
for implementation at the operational levels—by 
not only tracking certain operational metrics 
which are “loosely coupled” to the strategies, but 
to also predict the future values of these metrics 
and use the workfl ow integration layer to gener-
ate proactive actions.  

   Active Criticality Analysis for Assessment 
of Future Risks 
 Active Criticality Analysis (ACA) is a collabora-
tive practice under an overarching APM program 
that is adopted to choose the “right assets” to 
monitor at any given time to achieve the best 
optimization in the future. ACA is a dynamic 
method that is extensively used in any risk-based 
asset management strategy. Simply put, ACA 
provides a Pareto ranking of the critical assets, at 
any given time, based on the consequences of the 
failure of these assets to the business. ACA does 
not result in a static selection of assets—it is an 
active time varying dynamic. Therefore, a regu-
lar and timely assessment of criticality is 
required depending upon changes in the opera-
tional dynamics. 

 An organization can use qualitative or more 
detailed quantitative techniques to arrive at asset 
criticality—both approaches have merit. For 
instance, the calculation of the likelihood of a 
failure of an asset (or a component of an asset) 
could be considered as a probability between 0 
and 1, or can be considered qualitatively as 
belonging to fuzzy intervals such as “less likely”, 
“more or less likely” and “most likely”. The 
likelihoods increase or decrease dynamically 
based on the current status of the asset (“symp-
toms” of failure) and the past history of failures. 
A real-time measurement system can monitor 
for the symptoms and update the criticality map 
dynamically (of the “current” estimation of the 
likelihood of failure in a future time period). A 
typical ACA normally identifi es a relationship 
between such likelihoods of failure of an asset to 
the business consequences of such failure to the 

organization. Once again, the consequences can 
be quantitatively determined or qualitatively 
established to fall within certain intervals such 
as “catastrophic,” “major,” and “minor”. Based 
on the current inputs from the real-time mea-
surement system if there is a change in the criti-
cal ranking of the asset, then, such changes are 
reported to the asset management system, which 
will in turn, implement the appropriate mainte-
nance strategy in response to the changes. 

 The outcome of ACA is normally the decider 
of the type of maintenance an asset would need—
say, preventive, corrective, and so on—in order to 
effectively manage the overall risks of failure in a 
future time period. In many instances, a previ-
ously planned maintenance regime may have to 
be refi ned in the wake of some new risks identi-
fi ed by ACA. The ACA, therefore, forces the 
maintenance organization to always (and 
actively) concentrate on the most important 
assets at any time (from a business point of 
view)—and therefore renders the maintenance 
actions to be more effective. Figure  11.10  shows 
the relationship between the real-time identifi ca-
tion of the symptoms of failure and the dynamic 
ranking of the criticality.

      Metrics Hierarchy 
 Every collaborative program needs a set of met-
rics, and it is obviously important that the metrics 
are easily measurable and the measurement 
relates to the achievement of the goals—in other 
words, if the goal is the reduction of maintenance 
costs at a strategic level in a given future time 
period, then there has to be one or more measure-
ments that relate directly to the goal of reducing 
costs and so on. An illustration is provided in 
Fig.  11.10  for a typical set of measurements that 
can be made (and tracked) from strategic, tacti-
cal, and operational points of view (this illustra-
tion provides the measurement framework and 
examples of some metrics—the metrics could be 
different from the ones presented below based on 
the specifi c industry/goals) using the various lay-
ers of the integrated enterprise architecture. The 
fi gure also illustrates how the measurements are 
at multiple levels of abstraction and are related to 
each other. 
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 The example shows three measurements at the 
strategic level corresponding to the strategic (and 
collaborative) goals of reduction of maintenance 
costs, reduction in risks and increase in the net 
return on production assets during a given future 
time period. The reduction of maintenance costs in 
this case stems from two measurements—mainte-
nance costs as a percentage of Replacement Asset 
Value (RAV) and maintenance costs as a percent-
age of Regulatory Failures. Even though some of 
the costs elements that shall be accounted for in 
the calculation of these two metrics may overlap, 
the metrics independently maintain two distinct 
measurement points for  understanding/observing 
the progress of achieving the collaborative goal of 
reducing maintenance costs. The second collab-
orative goal, namely, reduction of risks, is tracked 
(once again) by the maintenance costs as a per-
centage of Regulatory Failures. The third collab-
orative goal, achieving a better return on assets, is 
tracked by the NROPA (Net Return on Production 
Assets) measurement—which is a formula that 
requires net profi t and total asset value as inputs. 
The optimization of all of these goals in a given 
future time period will be the objective of the 
“progress function.” The trends (rates of change) 
in the progress functions (which are the gradient 
of the progress function) can be computed at any 
given time to track the velocity of progress. 

 The tactical level metrics (in Fig.  11.11 ) 
act as an intermediary between the physical 

and strategic metrics. Continuous improve-
ment cells/programs are normally involved in 
tracking the progress of the tactics to improve 
asset performance by measuring the tactical 
metrics. It is obvious that by focusing too 
much on the operational metrics one loses 
sight of the big picture (from a collaboration 
stand point) and on the other hand by defining 
the strategic metrics without a relation to their 
practical implementation and measurement 
process one loses the relevance of the strate-
gic metric. The tactical layer measurements 
bridge these two worlds.

   The operational level measurements are the 
fundamental layers that collect fi ne granular 
operational data that in turn feed into the tactical 
and strategic layers. While the tactical and strate-
gic layer measurements are abstracted logical 
measurements, the operational measurements are 
physical measurements.  

   Optimization of Reactive and Proactive 
Interventions 
 An important outcome in the collaborative pur-
suit of optimizing the cross-disciplinary goals 
to maximize asset performance is to have a 
well thought out plan for future maintenance 
interventions. Too much of intervention is 
costly—too little is again costly. In order to 
implement the strategic requirements of reduc-
ing the cost of maintenance and/or increasing 

Symptoms of
failure

SCADA/Historian

Production Assets

Active Critically
Analysis

Asset Management
System

Maintenance
actions

Real time data
Change in the Critical
Ranking of Assets

  Fig. 11.10    The continuous cycle of active criticality analysis of assets       
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the net return on assets, one has to look at 
arriving at an optimal balance of proactive and 
reactive interventions. 

 Optimality can be achieved by understanding 
the elements of both proactive and reactive 
maintenance activities. Proactive maintenance 
activities include any activity that is performed 
for maintaining an asset before they fail. 
Reactive activities therefore are those that are 
performed after the failure. Proactive mainte-
nance comprises two types of activities—
Preventive Maintenance and Predictive 
Maintenance. Reactive also comprises two 
types—Emergency Maintenance and Corrective 
Maintenance. Achieving optimality would mean 
increasing the cost of Proactive Maintenance 
appropriately in order to reduce the cost of 
Reactive Maintenance substantially. 

 As stated earlier, Reactive Maintenance com-
prises emergency and corrective maintenance. Of 
these, the emergency maintenance activities are 
the costliest. Even if it is not possible to eliminate 
them, they have to be reduced substantially for 
the organization to reduce its maintenance costs. 

Emergency Maintenance results from two main 
reasons: (a) lack of a proper maintenance policy 
and (b) lack of reliability. 

 The lack of proper maintenance policy herein 
means the lack of clarity on what constitutes 
“emergency” within the organization. The exact 
meaning of emergency should be clarifi ed in the 
“maintenance policy” and a common method to 
categorize any maintenance job as emergency or 
non-emergency should be available as a “stan-
dard operating procedure” (SOP). The adequacy 
of the maintenance policy is determined at the 
strategic level, and the standard operating proce-
dures are performed at the operational level. But 
collaboration at the tactical level is needed to 
monitor the performance of the operational level 
as regards to emergency maintenance—by (a) 
analyzing the emergency activities in the past; (b) 
use the data in (a) to predict possible emergency 
situations in the future (true positives); (c) predict 
emergency situations that will be “hidden” until 
it is too late (false negatives); and (d) predict 
those situations that will emerge as not emer-
gency ones (false positives). 

Maintenance costs as a %
of Replacement Asset value

% RAV

Optimized
Reactive

Interventions

# of new
Standard

Operational
Procedures

(SOP)
introduced

OEE/
Availabilty/
Downtimes/
Run times,
reject rates,
speed, etc.

# of
Emergency

and
Unplanned

Interventions

# of Failures
Prevented

# of new
predictive
conditions

Optimized
Proactive

Interventions

Increased
Economic

Value of Assets

Increased Asset
Reliability

Optimized
Asset

Redundancy

% NROPA % RF

Maintenance costs as a
% of Regulatory Failures

strategic

tactical

operational

Net Return on
Production Assets

  Fig. 11.11    APM metrics hierarchy—Example       
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 True positives are the right “emergency 
responses” as per policy—that is, the responses 
of the maintenance organization are exactly 
aligned with the policy and are performed as per 
the standard operating procedures. False posi-
tives are emergency responses that result in a 
“false alarm”—maintenance calls wherein the 
team upon reaching the site realizes that they are 
not actually emergency in nature. Therefore, 
these are wasted emergency interventions. 
Finally, there are false negatives—emergency 
situations that were not identifi ed which conse-
quently results in a catastrophic failure. 

 Such real-time monitoring of the type of 
maintenance responses, validation of the 
responses against policy, adherence to the SOP 
and predicting false positives, false negatives, 
and true positives will help in the understanding 
of the “effectiveness” of the emergency mainte-
nance practices within the organization. 
Appropriate actions can be taken based on the 
monitored data—such as, if there are emerging 
symptoms of a variance in the adoption of the 
SOP, then, more training on the SOP is initiated 
before the variance becomes widespread. If there 
are higher number of false positives (rate of 
change in the number of false positives in a given 
period), then a proactive investigation is required 
into why the responsible owners for making the 
call are suddenly unable to do their job correctly. 

There can also be simple hidden reasons for 
ordering emergency maintenance such as the 
rates for maintenance work being higher under 
emergency maintenance than in non-emergen-
cies. It is up to the collaborative team to under-
stand these reasons and attempt to continuously 
drive the emergency maintenance costs down by 
improving the effectiveness of emergency 
responses. 

 The second aspect that affects emergency 
maintenance costs (for that matter even the cor-
rective maintenance costs) is the lack of reli-
ability. Reliability in simple terms is inversely 
proportional to “failure rate.” Every asset will 
have a history of failures and the frequency of 
such failures—the inverse of the frequency of 
failures is the failure rate. If the failure rate is 
low, then the asset is supposed to be more reli-
able. Failure rates and failure histories of assets 
are maintained in the EAM systems. Based on 
the failure history maintained in the EAM sys-
tems P-F Graphs (Potential Failure Graphs) can 
be generated for critical assets. The P-F curves 
will predict the possible future failure states for 
a piece of equipment which is at a certain cur-
rent state. This input can drive Preventive 
Maintenance of these assets. 

 While all of the above-mentioned discussed 
corrective and emergency responses that can be 
avoided, there are instances when Corrective 

  Fig. 11.12    Optimal 
maintenance planning 
based on criticality 
and cost       
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Maintenance is the right one to adopt. Corrective 
Maintenance is good if the criticality of the asset 
and the cost of the maintenance activity are both 
low. Figure  11.12  below illustrates the “calculus 
of interactions” between these two variables—
asset criticality and the unit cost of maintenance 
for the activity.

   It can also be noted that three fourths of the 
maintenance activities fall under the proactive 
maintenance (either predictive or preventive or a 
combination of both). 

 Finally, as a result of the collaboration at the 
operational and tactical levels the Net Return on 
Production Assets (NROPA) can be monitored 
and continuously improved. The NROPA estab-
lishes how the entire asset base of the organiza-
tion returns to the shareholders—a metric that is 
vital to track at the strategic level of an inte-
grated metallurgical enterprise.     

11.3     Technology Enablers 

11.3.1     Introduction 

 Monolithic control solutions were common until 
the turn of the century to implement process con-
trol and automation. They were point-to-point 
and one-off solutions that would be solved with 
(often very expensive) custom programming. 
Over the last decade and a half, the trend has dra-
matically changed. Many plants use several dif-
ferent automation controller families from 
different generations and different vendors. As 
stated above highly integrated metallurgical 
enterprise requires that all of these disparate sys-
tems are seamlessly integrated using standards 
rather than bespoke methods. This means that the 
underlying technology infrastructure, that com-
prises the information, communications, and 
software engineering components, must allow for 
integration standards that cope with the heteroge-
neous multi-vendor system landscape. This sec-
tion outlines some of the important software 
engineering and information technology advance-
ments that have enabled easier and standard 
implementation of the fi ve-layer integrated enter-
prise architecture. The discussions provide an 

overview on how standardization has happened 
in each of the layers to improve interoperability 
and quality.  

11.3.2     Unifi ed Object Model 

 The metallurgical industry can have many thou-
sands of equipment, transducers, sensors, and 
actuators. These physical objects need to be 
modeled in a software application for control 
and optimization. The model should not only 
capture the behavior of the physical objects but 
also capture the interaction between them in the 
physical world. Therefore, there is a need for 
mapping the physical objects to corresponding 
“software objects.” 

 Software objects need to exhibit two proper-
ties—modularity and reusability. For instance, 
when a centrifugal pump is defi ned as a software 
object, it should be possible to reuse the same 
defi nition for every other centrifugal pump within 
the organization. Furthermore, it should be pos-
sible to abstract the properties and attributes of a 
“pump class” and defi ne a centrifugal pump as an 
instance of the pump class and thereby use the 
same defi nition of the pump class to defi ne all 
types of pumps within the organization. The 
same is true with every other physical asset. 

 Based on the attributes of a physical asset, a 
software object would have identifi ers, events, 
and incidents associated with them. An identifi er 
is a unique reference to the physical object 
within the software program. There are multiple 
conventions in practice to defi ne the identity of 
an object. The most common and standard con-
vention is the Common Object Model that con-
siders the software object as a container that 
holds different “aspects” of the object. Typical 
aspects of an object are its control program, 
operator faceplate, trend confi guration, function 
specifi cation, and so on. 

 In the Common Object Model, all interactions 
with an object in the system are carried out with 
the help of its “aspects.” Software components 
are built and integrated in a seamless way with 
the help of a “loose coupling” between objects 
and aspects. In other words, the aspects and the 
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objects are distinct and separate elements and can 
be defi ned as hierarchical concepts individually 
within the model. They are associated only con-
textually by the control component of the soft-
ware program during its execution. 

 In the metallurgical industry in particular, rel-
evant data is scattered around in MES, CMMS, 
LIMS (Laboratory Information Management 
Systems), and ERP systems. The Common 
Object Model allows for addressing objects in a 
unifi ed way, across systems, no matter where 
they are physically located. As a result, applica-
tions can be written to be more abstract and reus-
able in different contexts. 

 Without the use of such a Common Object 
Model, each of these systems would need to be 
addressed individually and separately. Also, such 
point-to-point addressing implies that the server 
where the data resides must be explicitly speci-
fi ed every time. This reduces the fl exibility and 
scalability of the implementation because servers 
cannot easily be changed. Control solutions that 
are developed for a particular process within a 
plant cannot be reused or transported to a similar 
process elsewhere in the organization. Also by 
connecting directly to the underlying systems, 
the end applications would need to contain a 
larger portion of access logic, making the appli-
cations less transferable to other contexts, where 
different underlying systems might be used. 

 An example of this is seen in the point-to- 
point condition monitoring systems versus an 
integrated APM discussed in the previous sec-
tion. In a point-to-point condition monitoring 
system, the asset in question becomes an island, 
and the condition of the asset is monitored nor-
mally by a proprietary, monolithic control pro-
gram whose actions (business logic) are not 
shared with the rest of the stakeholders within the 
organization. The business logic of such pro-
grams resides in a separate server that is directly 
addressed by the application. On the other hand, 
in a Common Object Model implementation, the 
business logic that will encompass, the defi nition 
of the asset class, the asset, its condition, root 
causes for the condition, the action taken, the 
after effect of the action, the fi nancial ramifi ca-

tions, the spare part inventory status, etc. are all 
commonly shared by multiple applications at an 
abstracted layer. In the former case, even though 
the condition monitoring is effective for that par-
ticular asset for a limited time until the asset is 
retired, there is no abstracted base of knowledge 
created in the organization that can be reused, 
compared, benchmarked, etc. for effective moni-
toring of the condition of every other related or 
similar asset or asset condition in any other part 
of the enterprise.  

11.3.3     Field Device Confi guration 
Technologies 

 The metallurgical plants have several thousands 
of digital fi eld devices distributed remotely. 
Typically, analog fi eld devices required access to 
the devices for calibration and measurement—
which presented a challenge. Digital fi eld devices, 
on the other hand, could be accessed remotely. 
However, because there are very large number of 
devices and multiple vendors supplying these 
devices, the management of these devices in real 
time still remains a challenge. The following stan-
dards and technologies allow for effective man-
agement and maintenance of fi eld devices in the 
process and metallurgical industry. 

11.3.3.1     FDT/DTM 
 Field Device Tool (FDT) technology enables a 
standard communication interface between fi eld 
devices and systems. The key feature is its inde-
pendence from the communication protocol and 
the software environment of either the device or 
the host system (see   www.fdt-jig.org    ). In other 
words, any device can be confi gured, operated, 
and maintained—regardless of the supplier, type, 
or communication protocol. 

 FDT allows a device to be managed by a user 
interface called “Device Type Manager (DTM).” 
DTMs are of two types based on the functions they 
perform—(a) Device DTMs act as a user interface 
to the fi eld devices and (b) Communication DTMs 
which act as connectors to the software communi-
cation components. 
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 The major drawback of FDT is that data is 
trapped inside the DTM and does not allow for 
external applications to get  access—which is 
where the EDDL technology described below 
scores better.  

11.3.3.2     EDDL 
 Electronic Device Description Language 
(EDDL) is a text fi le used to describe properties 
of, and precise declaration of data from digital 
devices (see   www.eddl.org    ). Since it is not an 
executing software, it is easy to manage and 
maintain. It is agnostic to any specifi c communi-
cation protocol. Therefore, it is possible to inte-
grate data from multiple protocols such as HART 
and Fieldbus. Also adding new devices to an 
EDDL host is quite easy—like copying a fi le. 
Enhanced EDDL offers sophisticated graphical 
features such as trend charts and tables beyond a 
simple text declaration. 

 EDDL uses OPC-UA or OPC-DA (to be 
described later in section 11.3.5) to make avail-
able the information to external applications. A 
common use of EDDL is in parameter reconcili-
ation. For instance, a user would be able to com-
pare the data from a digital device against data 
stored in an external database without the need 
for a software program. Another widespread 
application of EDDL in the mining and metal-
lurgical industry is in the analysis of valve posi-
tioners and variable speed drives. More 
specifi cally, step responses and valve signatures 
can be plotted using EDDL.  

11.3.3.3     FDI 
 Field Device Integration (FDI) is the latest state 
of the art in this area and will use a subset of the 
OPC UA technology within a client–server archi-
tecture. FDI will combine the advantages of FDT 
and EDDL technologies. FDI technology will 
provide a common solution for managing intelli-
gent fi eld devices during all phases of the lifecy-
cle of the device from installation through 
calibration and diagnostics to retirement. 

 The FDI technology is based on client–
server architecture that helps control systems 
manufacturers to simplify the use of device 
data in distributed control system environments 

(Level 2 solutions). Furthermore, such data 
could also be made available to higher level 
MES systems (Level 3 systems and solutions). 
Data is managed centrally and therefore incon-
sistencies are avoided.   

11.3.4     Field Device Networks 

11.3.4.1     Fieldbus 
 A fi eldbus is a plant network protocol that is used 
in the context of  distributed control  of plants. 
Such systems include devices such as transduc-
ers, actuators, and controllers. Several network 
topologies are supported by Fieldbus such as, 
daisy chain, star, ring, and branch. In the iron and 
steel, cement or mining industries, the market is 
dominated by Foundation Fieldbus and Profi bus. 

 As a general rule, applications that are con-
trolled and monitored by PLCs (programmable 
logic controllers) tend towards PROFIBUS, and 
applications that are controlled and monitored by 
a DCS (digital/distributed control system) tend 
towards FOUNDATION Fieldbus. Zuruwski 
( 2005 ) provides a comprehensive account of 
Fieldbus and its use in the process industry. 

   FOUNDATION Fieldbus 
 FOUNDATION Fieldbus provides a communica-
tions protocol for control in which each device 
has its own “intelligence” and communicates via 
a digital, serial, two-way communications system. 
FOUNDATION High-Speed Ethernet (HSE) is 
ideally suited for use as a control backbone. The 
technology is designed to run at 100 Mbps, and is 
applied for device, subsystem, and enterprise inte-
gration (see   www.fi eldbus.org    ).  

   HART 
 Highway Addressable Remote Transducer 
(HART) is a master/slave fi eld communications 
protocol. A good majority of analog fi eld devices 
installed in plants worldwide are based on HART 
technology. The unique feature of the HART 
protocol is that it makes use of a principle 
called—Frequency-Shift Keying (FSK)—to 
superimpose digital communication signals at a 
low level  on top of  the 4–20 mA analog signal. 
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Thus, this is a good technology to implement in 
“brownfi eld” situations when there are existing 
analog systems that need to be converted into 
digital. The HART protocol communicates at 
1200 bps without interrupting the 4–20 mA sig-
nal and allows a host application (master) to get 
two or more digital updates per second from a 
fi eld device. As the digital FSK signal is phase 
continuous, there is no interference with the 
4–20 mA signal (see   www.hartcomm2.org    ). 
Many metallurgical and mining plants utilize 
this technology as a transition mechanism from 
analog to digital or to use both digital and analog 
within the same infrastructure. 

 WirelessHART is an open wireless standard 
established to address the needs of the process 
industry for simple, reliable, and secure wireless 
communication in industrial plant applications. 
Close on the heels of WirelessHART is the ISA 
100 standard (Bassett  2013 ) that provides 
interoperability between different protocols 
including the HART protocol. The important 
aspect is that it supports IPv6-based technology 
(the latest Internet protocol for industrial applica-
tions and one that can support Industrial Internet 
of Things).   

11.3.4.2     PROFIBUS 
 Even though PROFIBUS is similar to Fieldbus 
and uses the same physical layer, it is not the 
same. PROFIBUS got its name from “Process 
Field Bus” and it has application/industry- 
specifi c protocols such as PROFIBUS DP, 
PROFIBUS PA, PROFINET, and Profi safe. 
PROFIBUS DP uses RS 485 multi-drop serial 
interface to connect remote IO systems such as 
motor controllers to a Programmable Logic 
Controller. PROFIBUS PA is based on IEC 
61158 standard (see   www.profi bus.com    ) that is 
commonly used in the process industry.   

11.3.5     Field Data Access 
Standard: OPC 

 During the turn of the millennium, the fi rst OPC 
standard (Object-Linking and Embedding for 
Process Control) was developed by several auto-

mation suppliers together with Microsoft (Iwanitz 
and Lange  2006 ). This standard is based on 
Microsoft Common Object Model and describes 
how applications should exchange real-time data 
on a Microsoft platform. As OPC was a good 
solution to an urgent problem, the standard was 
rapidly supported by more and more automation 
system and product vendors. The OPC Foundation 
(  www.opcfoundation.org    ) currently has more 
than 400 members worldwide. 

 The OPC convention has eliminated the need 
for specifi c drivers and protocols for every appli-
cation in the manufacturing industry—
metallurgical industry included. Consequently, 
there is no need for the age old bespoke or cus-
tom solutions that are error prone and expensive. 
Normally, the OPC server is provided by the ven-
dors along with their supplied device or equip-
ment. This was a signifi cant transformation in the 
industry (refer Fig.  11.13 )—to also supply a stan-
dard means of communication of the data (from 
their device or equipment) as part of the supply of 
the equipment/machines.

   Since OPC servers are software programs 
developed on a standard convention for the 
exchange of data between the sensors, and/or 
controllers of instruments connected to machines, 
it is possible for any third-party vendor to develop 
an OPC server for a machine if it is not already 
supplied by the OEM with the machine or equip-
ment. While the original idea behind OPC was to 
provide standardized communication between 
hardware devices and applications, it is now also 
being used as an open interface between applica-
tions. OPC is therefore a software interface that 
can run on a hardware server. 

11.3.5.1    OPC DA 
 OPC Data Access is a standard for exchanging 
data between various devices and pieces of 
equipment. An OPC DA server contains a struc-
tured list of “tags” or I/O points. Each tag repre-
sents a data item. A data item contains a 
timestamp and a fl ag for data quality. OPC cli-
ents “subscribe” to data items in the OPC server. 
The subscription to OPC items could be event 
based (such as “upon change”) or time based (a 
certain sampling interval).  
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11.3.5.2    OPC AE 
 Another commonly used OPC specifi cation is the 
OPC Alarms & Events. This specifi cation is respon-
sible for handling multiple levels of alarms and 
events occurring in a mine, mill, clinker, kiln, fur-
nace, etc.—as produced by alarm and event engines.  

11.3.5.3    OPC HDA 
 The third specifi cation of OPC is the OPC 
Historical Data Access or OPC HDA. This 
expands the capabilities of OPC DA, which is 
focused on current data, to historical data. OPC 
HDA provides the data for any historical time 
line that enables software solutions in the higher 
level layers of the integrated enterprise architec-
ture to perform analysis of trends and predict 
future events based on history.  

11.3.5.4    OPC UA 
 The standard OPC specifi cations such as OPC 
DA for data access, OPC A&E for alarms and 
events, and OPC HDA for historical data access 
are quite commonly used in the industry to 
exchange data between multiple equipment and 
multiple layers in the integrated fi ve-layer archi-
tecture. There are several thousand OPC products 
on the market and all major automation vendors 
provide OPC solutions (Burke  2008 ). 

 OPC unifi ed Architecture (OPC UA) is a next 
generation OPC specifi cation that unifi es the differ-
ent specifi cations of all the three types of specifi ca-
tions provided above, thus enabling a single point of 
entry into a system for current data and alarms and 
events, together with the history of both. These are 
provided by a simple, generic set of services. 

  Fig. 11.13    Traditional vendor-specifi c bespoke solution replaced by standard OPC integration       
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 OPC UA provides a rich information model 
using object-oriented techniques—which is supe-
rior to a rather simple tag-based defi nition found 
in the standard OPC DA and HDA specifi cations. 
In OPC UA, it is not only possible to offer a mea-
sured value and its engineering unit, but also to 
indicate that it was measured by a specifi c type of 
sensor. As a result, quite a bit of meta-data is 
encapsulated in the data acquisition stage (Level 
1) which provides rich information to the higher 
level analysis and visualization applications. 
Information modeling is a big improvement of 
OPC UA compared to the standard OPC and pro-
vides a lot of opportunities. OPC UA allows for 
incorporation of information models that are 
application-specifi c or vendor-specifi c models 
without any loss in generality. OPC UA defi nes 
two main functions of interoperability; the com-
munication infrastructure and the meta model. 
The communication infrastructure defi nes how 
information is exchanged, and the meta-model 
specifi es what information is exchanged. 

 OPC UA also provides for services that can 
run on different communication infrastructures. 
It can use the meta model as a basis for defi ning 
appropriate parameters for the services. Also, 
vendor-specifi c or standard information models 
can be built on top of the basic model. In other 
words, OPC UA defi nes several standard infor-
mation models for data access, alarms and condi-
tions, programs, historical data, and aggregate 
functions. Multiple information models can be 
supported in a single server. The information 
about the models can be read by the services and 
thus clients only knowing the services can be pro-
vided access to the information.   

11.3.6     Interoperability 
Standard—XML 

 Extensible Markup Language (XML) is a simple 
and fl exible text format that allows for interoper-
ability between different systems and control 
platforms (Skonnard and Gudgin  2001 ). The 
W3C (World Wide Web Consortium) is the 
authority that maintains the XML specifi cation 
(w3c.org/xml). 

 An XML Schema is used to express a set of 
rules to which an XML document must conform. 
The rules provide a means for defi ning the struc-
ture, content, and semantics of XML documents. 
For instance, the Business to Manufacturing 
Mark up Language (B2MML) schema provides 
structured and standard transactional information 
templates for the transactions that typically hap-
pen between the enterprise and the plant fl oor in 
batch processes. This is an XML representation 
of the ISA 95 standard explained earlier. The 
B2MML schema allows for the ISA 95 standard 
to be incorporated into several MOM software 
(Level 3 software) solutions. 

 Similarly, XML representation has helped in 
the confl uence of OPC-DA. OPC HDA and OPC 
Alarms & Events and the capability of MOM 
applications to use these for interoperability. 

 Another neutral XML format is the 
AutomationML (  www.automationml.org    ). This 
schema is used for exchanging plant engineering 
information. For instance, in the mining industry, 
the data that is common to Geology and 
Processing can be shared using the AutomationML 
standard. The major contribution of this standard 
is the enabling of  interdisciplinary engineering 
methods  that need to be employed across  hetero-
geneous  tools. The representation of the objects 
is based on the Common Object Model explained 
earlier. AutomationML is based on IEC 62714 
standard. The standard eliminates the need for 
writing custom programs for importing and 
exporting data from one tool to another in order 
to perform engineering analysis.  

11.3.7     Web and Next Generation 
Internet Technologies 

11.3.7.1    HTML/HTTP 
 The HyperText Markup Language (HTML) is 
based on ISO/IEC 15445 standard. HTML allows 
users to specify web-based user interfaces analo-
gous to how EDDL provides a text standard for 
describing parameters of digital devices. HTML 
is used in the confi guration of smart devices from 
a web interface. A HTML web interface, apart 
from being convenient to a user to get access 
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from anywhere, is an Internet connection that 
also helps in the reduction of cost and footprint 
in local devices. This is because attaching a dedi-
cated display device to every sensor would be too 
expensive. Also even if there is a display device, 
it is only locally accessible. On the contrary, a 
device that can implement a small web server and 
offer the user interface via HTML over the net-
work would be less costly and more versatile pro-
viding access to many users across geographies. 

 The HyperText Transfer Protocol (HTTP) has 
been jointly developed by IETF (Internet 
Engineering Task Force) and W3C (see   http://
tools.ietf.org/html/rfc2616    ).  

11.3.7.2    Web Services 
 Web services are higher level programmatic 
interfaces that enable application-to-application 
communication using standard web techniques 
(see   www.w3.org/2002/ws    ). Most large mining 
and metallurgical organizations use multiple 
software systems. When data from one software 
system needs to be communicated to another, 
web services are used as standard. The system 
that requests the data is called the service 
requester and the one that provides the data is 
called the service provider. 

 The key aspect of web services is that it is 
agnostic to any programming language or plat-
form. Thus, they use XML fi les for data exchange. 
Many web services are based on the SOAP stan-
dard (see   www.w3c.org/TR/soap    ). SOAP (origi-
nally, Simple Object Access Protocol) is a 
lightweight protocol intended for exchanging 
structured information in a decentralized, distrib-
uted environment. An alternate method of imple-
menting web services was proposed by Fielding 
(Fielding  2000 ).  

11.3.7.3     The Industrial Internet 
of Things 

 The traditional manufacturing industry is under-
going a digital transformation. Such a transfor-
mation is expected to bring about a fusion 
between the real and the virtual worlds of manu-
facturing. Intelligent Robots, autonomous drones, 
3D printing, intelligent sensors, smart grids, 
intelligent communication networks, etc. are 

expected to be playing a role in both the real and 
the virtual worlds in order to convert the current 
factories into smart factories. In other words, 
every smart factory will turn into a “cyber- 
physical” production system. This revolution is 
called by various names— Industrial Internet of 
Things (IIOT) ,  Industry 4.0 (to denote the fourth 
industrial revolution) , or  Industrial Internet . In 
this scenario, the distinction between products 
and services will diminish. 

 More specifi cally, IIOT is said to bring about 
four important transformations (Schlaepfer and 
Koch  2014 ):

    (a)    Vertical Networking of smart factories, smart 
logistics, and smart services including per-
sonalized (or customized) manufacturing;   

   (b)    Horizontal Integration that will include inte-
gration of business partners and customers 
leading to new models of cooperation and 
collaboration between them across different 
geographies;   

   (c)    Life Cycle Engineering that integrates manu-
facturing process, product engineering, and 
after support and maintenance;   

   (d)    Technology Acceleration that will include 
the adoption of new disruptive technologies 
and services that are easily scalable, in turn, 
driving the need for a cultural change in the 
organization.    

  IIOT will also enable machine-to-machine 
(M2M) interaction, and consequently, will 
enable machines to respond intelligently based 
on such real-time inputs. It is expected to enable 
deep analysis, derived from the plethora of data 
that will be available via the peer-to-peer 
machine networks, via distributed computer 
processing. Analysts are forecasting billions of 
connected smart IP devices in a wide range of 
applications. 

 Leading oil and gas companies such as Shell 
have already embarked on building an IIOT infra-
structure (called Smart Fields) wherein sensors, 
advanced analytics, automation, and data man-
agement are used to unlock production, reduce 
operating costs, and optimize assets. In the Smart 
Field initiative, Shell has introduced the concepts 
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of Smart Wells and 4D Seismic Acquisition. A 
Smart Field Consortium at Standford University 
is exploring advancements in optimization tech-
niques in hydrocarbon production systems. The 
program integrates strategic planning, production, 
and back end modeling, and data storage. In other 
words, the program is aimed at data collection, 
simulation, model updation, and optimal control 
(Cameron and Durlofsky  2014 ; Rajaieyamchee 
and Bratvold  2009 ; Sarma and Chen  2008 ). 

 Another example of IIOT is the capability of 
performing Big Data Analytics of the data col-
lected and stored in a distributed environment. 
For instance, in the oil and gas industry 
 mentioned above, thousands of Electrical 
Submersible Pumps (ESPs) pull oil from reser-
voirs worldwide, onshore and offshore—but 
many ESPs fail unpredictably, resulting in 
missed production targets. Prescriptive Analytics 
predicts ESP failures by modeling the dynamics 
of pumps, production, and subsurface character-
istics. The software can prescribe actions based 
on the modeled data to reduce pump failures and 
mitigate production losses. 

 What is missing from the IoT and IIoT mar-
ketplace today is a common framework for 
enabling multi-vendor interoperability across 
multiple applications, supporting different com-
munication media such as wireless, power line, 
and wired. In order for IIoT to be truly effective 
and widely adopted, the connectivity and interop-
erability need to be enabled between diverse 
products and applications. Without this interop-
erable framework, the industry will be going 
back in time and re-adopting proprietary plat-
forms, severely limiting widespread market 
acceptance. In order to meet this challenge, 
General Electric is working on a standard soft-
ware platform called Predix (Chauhan  2013 ) 
which allows for the standard way to run indus-
trial scale analytics. 

 Fortunately, the semiconductor industry is 
also delivering dramatic advancements in low- 
cost and reliable communication transport tech-
nologies. Because of the unforgiving 
environments in which these industrial devices 
exist, including harsh physical conditions and 

mission critical processes, IIoT solutions must 
meet the challenging requirements of industrial- 
strength reliability, hardened security, wired and 
wireless connectivity, and backwards compatibil-
ity with large installations of legacy devices. By 
steering industry towards open systems technol-
ogy, companies can deliver exciting new applica-
tions, while better access to data opens up new 
horizons in the control systems marketplace.  

11.3.7.4     Control Networks and ISO/
IEC 14908-Based Systems 

 Increasingly, industrial systems today are becom-
ing a cluster of distributed intelligent devices that 
communicate over a control network. The state-
of- the-art network technology allows for intelli-
gent devices to communicate with other devices. 
This peer-to-peer communication enables direct 
M2M interactions without the need for a central-
ized control or a human intervention (when 
unnecessary). 

 Such intelligent devices need to be optimized 
for their specifi c application domain as well as 
their network transport method. Control networks 
often support multiple physical layer options, such 
as twisted pair, power line, radio, and Ethernet. 
Network management and device confi guration 
services need to be standardized to simplify the 
confi guration and installation process and provide 
a common platform for multiple manufacturers’ 
confi guration tools. Finally, the application layer 
needs to be standardized to provide interoperabil-
ity between devices from multiple manufacturers. 

 A network standard that is emerging in the area 
of IIOT and one that provides for an interoperable 
framework is ISO/IEC 14908-1 (  http://www.iso.
org/iso/catalogue_detail.htm?csnumber=60203    ). 
The IEC 14908 is a protocol for network control 
and allows for both peer-to-peer and master/slave 
confi gurations. The master/slave confi guration 
allows for the aggregation and/or accumulation of 
information across multiple devices as necessary 
to generate meta-data or further abstracted intel-
ligence. This suite adheres to the seven-layer net-
work protocol and is optimized to the needs of 
control systems. It also has an application layer 
that provides the much needed interoperability. 
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 The protocol is optimized for networks of 
devices sending small control messages (typi-
cally less than 277 bytes) reliably to tens or 
thousands of devices. The management of the 
complexity (frequency and usefulness of the 
messages) due to the chain reaction that can be 
generated with each subsequent receiver of the 
message in turn responding and/or propagating 
a new message to the network is an important 
research area. Regardless, it is safe to assume 
that there will be several hundreds of thousands 
of messages that will be sent back and forth and 
therefore collision detection and avoidance 
becomes an important aspect in network con-
trol. IEC 14908 standard supports p-Persistent 
CSMA with Collision Avoidance and optional 
Collision Detection to optimize performance in 
networks with “short, bursty” messages. The 
ISO 14908 standards suite provides multiple 
options for the interface between Medium 
Access and Physical Layers, such as ISO/IEC 
14908-2 for twisted pair communication, ISO/
IEC 14908-3 for power line communications, 
and ISO/IEC 14908-4 for IP communication. 
The application layer standard ISO/IEC 14908-5 
ISO/IEC 14908-6 includes a common frame-
work for device profi le defi nitions, common 
data type defi nitions, and standard confi guration 
properties.    

11.4     Implementing an Integrated 
Enterprise Strategy 

11.4.1     Five Key Steps to Integrated 
Operations 

 The key steps involved in developing and imple-
menting integrated enterprise are shown in 
Fig.  11.14 . The example emphasizes on the oper-
ational integration aspects of the integrated enter-
prise taking the mining industry as an example.

11.4.1.1       Step 1: Identify Key Value 
Drivers and KPIs 

 The fi rst key step is to identify the key value driv-
ers along with KPIs for each business unit. In the 
case of mining, during the initial stages of this 
project, it is proposed that only a few key drivers 
from Mine-to-Mill be used for simplicity. Some 
examples of the key value drivers from Mine-to- 
Mill are mine ore fragmentation and hardness, 
grinding specifi c energy, power split between 
mills and mill product size. 

 Key drivers and KPIs to quantify planned vs. 
actual ore mined, variations in mining plan, grade 
control model, reserve model vs. mine produc-
tion vs. metal production, mining dilution along 
with metal recovery and losses in process plant 
will be included. The mine dispatching system 

Key Steps for an
Integrated Enterprise Strategy

Step �

Identify key drivers & KPI’s

Step �

Measure & estimate key drivers & KPI’s

Step �

Monitor continuously

Step �

Control 

Step �

Optimization

  Fig. 11.14    Five key steps involved in development of an integrated enterprise strategy       
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will be enhanced by including data contained in 
the block model and possibly using the GPS 
coordinates to locate detailed information on the 
mined ore. This text fi le will be automatically 
retrieved and the values entered into a central 
database along with all other key value drivers. 
Each operation will have its own unique value 
drivers and will need to be identifi ed in discus-
sion with site personnel. 

 It is important to note that these value drivers 
are not necessarily the KPIs measured in some 
operations. This central database will, however, 
include all the existing KPIs (both technical and 
fi nancial) measured by the different business 
units in operations using software such as plant 
data historian (PI), Laboratory information man-
agement system (LIMS), Operations reporting 
system (ORS) along with budgeting tools such as 
Xeras and Hyperion. The main aim in the initial 
stages of the pilot program will be to have a sim-
plifi ed system with a small number of value driv-
ers and KPIs displayed in the integrated 
dashboard relevant to the needs of the various 
business units in an operation, regional, and cor-
porate offi ces.  

11.4.1.2     Step 2: Measure the Key 
Value Drivers 

 The next key step is to be able to measure or esti-
mate these key value drivers and KPIs as accu-
rately as possible. There are two important 
aspects to quality measurements, one is to use 
“best practices” and the other is “training and 
mentoring” to ensure these “best practices” are 
sustained. The existing measurement in the oper-
ations should be retained or improved as neces-
sary. Additional sensors or measurement devices 
should be included only if this improves the 
existing information base signifi cantly. 

 It is highly recommended that a core technical 
group, highly trained in measuring these value 
drivers and KPIs be created who will be respon-
sible for assisting our operations in high level 
monitoring of these systems along the task of 
promoting best practices and providing training 
needs as required by the operations. This core 
technical group will consist of individuals based 
in corporate and Regional offi ces with assistance 

from external consultants with high level of 
expertise. This group will be able to assist in 
standardization of these measurement techniques 
and will also help to bridge gaps in understanding 
the key drivers to better defi ne the interfaces 
between different business units. This model has 
been shown to be successful for Codelco in Chile 
with Kairos Mining (a joint venture between 
Codelco and Honeywell) based in Santiago pro-
viding this core technical expertise to all their 
operations in remote locations (Zamora et al.  2010 ). 

 Enabling technologies such as SmartTag Ore 
Tracking system along with a Split-Online 
Fragmentation analyzer are important to this 
project as they will provide robust measurements 
of ore movement and characteristics such as size 
distribution, hardness, and other attributes avail-
able in the mine block model and could be easily 
transferred to the central database. These are 
important tools that can assist in tracking move-
ments of specifi c materials during trials and in 
monitoring ore dilution by placing the tags along 
the boundary of ore and waste in addition to con-
fi rming the residence time and constitution of 
stockpiles for calibration of stockpile models.  

11.4.1.3     Step 3: Monitoring 
of the Value Drivers 

 Continuous monitoring of these value drivers and 
KPIs of different business units on an integrated 
platform or dashboard is an important part of this 
Integrated Operations strategy. This monitoring 
will be carried out by operators and professionals 
in different business units in an operation along 
with the core technical group based in corporate 
or a regional offi ce for example. The role of core 
technical group is not to interfere in day-to-day 
operating decisions but rather to provide long- 
term trends and recommendations to operating 
personnel, which is diffi cult to pursue by opera-
tions due to other priorities. Various business 
units in an operation control only the value driv-
ers and KPIs pertaining to their area of work and 
expertise and do not interfere with the operating 
decisions of other business units. Any deviation 
from the normal range of value drivers and KPIs 
(Red Flags) are communicated automatically 
(also through mobile devices) to the relevant 
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business units for rectifying the situation based 
on the control logic (empirical models) devel-
oped through leveraging the centralized database 
with a historical record of operating effi ciency. 

 This centralized database is a connection 
between resource/reserve model, mine planning, 
mine dispatch system, truck movements to the 
crushers or stockpiles, plant data historian, equip-
ment monitoring status, production information 
along with laboratory assays of plant feed and 
products. Other items that could be eventually 
linked with the centralized database are energy, 
water, and environmental monitoring systems 
along with health and safety. Codelco’s integrated 
dashboards based in Santiago include both techni-
cal and fi nancial information and have been 
instrumental in providing an effective communi-
cation between various operational  personnel in 
different operations and corporate personnel. 

 The concept of using an integrated dashboard 
is to promote a collaborative environment, data 
transparency, and a whole system visibility. 
These attributes are prerequisites for identifying 
opportunities that allow a step change in improved 
productivity and reduce costs. 

 The question of how often the monitoring sys-
tem updates itself is very important. A system 
which updates itself once a day is easier to main-
tain and reconcile but lacks fi delity to detect ore 
changes that affect mill performance for exam-
ple. It is recommended that such a centralized 
database be updated with ore movements at least 
once a day, preferably every shift (every 8 or 
12 h). For a weekly comparison against bench-
marking expectations, this would be 14 or 21 data 
points. Having a systematic update very fre-
quently generates a large database that soon 
becomes unmanageable as well as sensitive to 
short-term stockpile volumes, like the coarse ore 
pile ahead of the grinding circuit.  

11.4.1.4    Step 4: Control 
 Once the key drivers are measured and monitored 
on an integrated dashboard through a centralized 
database, the next step is to be able to use this 
information for controlling the processes and 
produce the desired outcome. An important con-

sideration here is to quantify the optimum range 
of these key value drivers and KPIs based on 
models or logics developed through the historical 
record of operating effi ciency in the database. 
This is where interaction between the different 
business units is critical as it is important to note 
that the optimal range from a holistic whole- 
system perspective could be very different from 
the optimal range from a particular business unit 
perspective. For example, the optimal powder 
factor in blasting could be much lower from a 
mining perspective only but when considered 
holistically from a Mine-to-Mill perspective, the 
optimum blasting factor could be almost double 
with higher blasting costs for optimum mill 
throughput and overall energy savings. 

 Once the optimum range of key value drivers 
are identifi ed based on a holistic perspective, then 
this becomes a powerful tool from a control 
viewpoint. This information can be visually pre-
sented in the integrated dashboard for easy view-
ing using different color codes for values within 
the operating range and for those outside the 
operating range. These indicators will prompt an 
operator in a business unit to take corrective 
action immediately. The wider visibility of this 
information in an integrated dashboard across the 
operation value chain will prompt quick action to 
rectify the situation though a quick root cause 
analysis resulting is reduced productivity losses. 

 The control could be done either manually or 
automatically depending on the situation. When 
process models and automation tools are avail-
able, it is best to utilize them to improve control. 
Development of models and control logic is an 
area that should be encouraged as a strategic 
activity by the core technical team in cooperation 
with the operating team using the historical record 
in the centralized database. This will allow maxi-
mum utilization of operating data, which unfortu-
nately is not fully utilized when business units 
operate in silos. With high turnovers in operation 
with operating knowledge lost over time along 
with unavailability of resources at certain time, it 
is very important to maximize utilization of oper-
ating data and convert them into models for auto-
matic control purposes as much as possible.  
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11.4.1.5    Step 5: Optimization 
 One of the advantages of sharing information by 
different business units on an integrated platform 
through the centralized database brings a differ-
ent dimension to operations optimization, which 
otherwise would be diffi cult to conceive in a con-
ventional operations scenario. Because the inte-
grated enterprise promotes a strong collaborating 
environment, there is a constant need for each 
business unit to share knowledge and maintain 
their optimal range of key value drivers. 
 Transparency drives behavior  and the visual 
display of dashboards makes it imperative to 
react immediately, as other business units are 
relying on this corrective action. This promotion 
of a collaborative environment is an important 
attribute of the integrated enterprise.    

11.5     Concluding Remarks 

 Mining and metallurgical companies are facing 
various challenges at several fronts. It is becoming 
immensely important to be able to obtain a wide 
range of information involving various disci-
plines in the mining and metallurgical value 
chain, involving different geographical locations, 
cultural groups, governments, and a wide range 
of stakeholders, for making critical decisions. 
Survival of many mining companies depends on 
the capability to make well-informed decisions in 
complex situations. 

 Recent advancements in information technol-
ogies, sensors and measurement tools, process 
control, and automation provide an opportunity 
for the mining companies to achieve operational 
excellence across an  Integrated Enterprise . The 
advent of the Industrial Internet of Things shall 
further allow for collaboration and synergies—
not only between departments, groups, and pro-
cesses, but also between machines. 

 Various case studies discussed in this chapter 
suggest that mining and metallurgical industries 
at large can adopt some of the initiatives taken by 
some of the industry leaders. Technology change 
is happening rapidly at this current time, but such 
a change needs to be accompanied by a cultural 
transformation within the organization. Needless 

to say, many of the digital technologies that are 
expected to be implemented in the mining and 
the metallurgical industries in the next few years 
are going to be disruptive. It is safe to say that the 
best strategy is to take a phased approach with 
smaller steps, depending on the immediate and 
long-term goals of the respective organizations.     
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12.1             Challenging the Status Quo 

 There is no such thing as the status quo. If one is in 
the business of producing anything, chances are 
someone else also produces the same product, is 
thinking about doing so, or producing the same 
product at a lower cost. This sets up, like it or not, a 
competitive situation whereby each producer tries to 
increase their profi ts by garnering a larger share of 
the marketplace or decreasing  their   production costs. 

 One may be the industry leader in one’s fi eld 
and may have the lowest operating costs of the 
 industry  , but if you sit on your hands, the com-
petitors will eventually catch up. Consequently, 
if you continue to rest on your laurels and the 
competitors advance, you, in effect, are falling 
behind. Hence, there is no such thing as the 
 status quo.  

12.2     Staying Ahead 

 To stay ahead of the game, a company must 
advance, must decrease costs, increase productiv-
ity, or both, and, to do this, the company must be 
innovative. The upper management personnel of a 
company may have achieved their position through 
their own innovative abilities but most likely, in 
well-established companies, they have achieved 
their position due to their management abilities. 
The defi nition of management is “Getting things 
done through other people.” So the upper manage-
ment people do not need to actually come up with 
all the innovations, but they do need to be able to 
recognize an  innovation   when they see one. 

 Innovation cannot be summoned, coerced, dic-
tated, or forced. Innovation “just happens.” 
Innovation can be encouraged by creating an atmo-
sphere in which innovation is welcomed. That said, 
no company will allow changes that could poten-
tially hurt production and/or profi tability.  

12.3     Degrees of Innovation 

 Improving existing equipment is one of the easier 
paths to take toward being innovative. The devel-
opment of innovative equipment involves several 
steps, depending on the degree of variation of the 
design from existing practice. The degrees of 
innovation include: improving the design of 
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existing equipment, extending the size of the 
largest current equipment, and/or developing a 
radically different equipment design. 

 In any  processing plant  , many pieces of equip-
ment are utilized to produce the desired end 
 product. These various pieces of equipment have 
most likely been around for a long time and have 
proven to be reliable and robust enough to with-
stand the abuses of production on a continuous 
basis. One might think that the tried and true 
equipment is the best available because of just 
that tried and true reputation and the, oh so com-
mon, “if it ain’t broke, don’t fi x it” philosophy. In 
many cases, this may be entirely true but there are 
cases where times have changed and different 
materials of construction or better instrumenta-
tion have become available that make changes 
possible. Graphite composite materials, for exam-
ple, can be made to be as strong as, or stronger 
than, metallic components and possibly lighter 
weight as well. Use of variable speed motors 
makes some operations more energy effi cient thus 
reducing operating costs. Because of the ongoing 
effect, operating cost reductions do not need to be 
large to add up to a big contribution over time. 

  Economy of scale can b  e used effectively, par-
ticularly in older operations. In older operations, 
chances are that certain equipment sizes were 
used because they were the largest available at 
the time. Well, times change, maybe now the 
equipment manufacturer, by being innovative, 
has found a way to make their equipment even 
larger than before. This allows the end user to use 
fewer pieces to achieve the same result. Fewer 
motors usually mean lower capital cost and 
reduction in operating cost. Mixing is a good 
example where new designs of impeller blades 
have enabled designers to mix larger tanks with 
the same or higher effi ciency resulting in either a 
savings of power or an increase in mass transfer. 

 Making radical changes to existing equipment 
is probably one of the most diffi cult innovations 
to be approved by management. These types of 
changes must be supported by an extensive 
amount of test work and irrefutable evidence. 
Often times the best evidence is actually the suc-
cessful adoption of similar or identical practice or 
piece of equipment in another industry. The inno-

vation part comes from recognizing that various 
industries have common principles and some of 
those principles may be applicable elsewhere. 
This is why keeping track of what is going on in 
other, totally unrelated industries, often times 
leads to “breakthroughs” in one’s own industry.  

12.4     Developmental Steps 

 How does a company that actively promotes and 
encourages innovation go about being innova-
tive? The steps involved in the development can 
include: desktop design, mock-ups, small-scale 
demonstration, and/or full-size demonstration. 

 Obviously, someone must fi rst envision the 
innovation and write down their thoughts and/or 
sketch up their idea. This, initially, is probably a 
simple statement of concept to promote a healthy 
discussion among colleagues, see their reaction 
to the new idea and establish whether the idea has 
any merit or not. Also, somewhere in the collec-
tive experience of your colleagues there may be 
some specifi c experience that says that your idea 
has been tried before and failed. 

 After sharing such thoughts with colleagues 
and others, maybe a miniature version will be 
built. In today’s world of design, this fi rst “minia-
ture” may well be an electronic 3D model. With 
the software available these days, there is little 
need to actually make a scale model unless one 
wishes to get a feel for how the manufacturing 
and assembly will actually be done. 

 In case, the  scale model   (electronic or physi-
cal) does not show any “fatal fl aws,” the time 
may come to build a working model that can be 
used to demonstrate the idea in a laboratory or in 
a potential customer’s offi ce/plant. A major 
problem with  scale models   is the scale factor. 
Too small and the idea may not be clearly dem-
onstrated, too large and there may be problems 
with securing enough feed stock and/or dispos-
ing of the waste materials or products, particu-
larly if the products are high value or the 
chemicals/compounds are considered hazard-
ous. A real key aspect of scale models is identi-
fying which variables are critical, viz., the real 
determining variables. 
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 Obviously if a scale model prototype is war-
ranted, then a full-scale demonstration version 
may also be needed. In this case, the developers 
need to either have their own production facility 
or have a client that will help with building a full- 
scale model based on the results of the small- 
scale model.  

12.5     Sources of Innovation 

 All of the degrees of innovation require someone 
or a team to come up with an idea that can offer a 
better solution to a problem than what is experi-
enced with the existing equipment. Seldom are 
new developments created in a vacuum. 

 When talking about equipment development, 
the developers of innovative equipment can come 
from various sources such as: Manufacturers and/
or their suppliers or operators trying to make 
their job easier.  Manufacturers   are always look-
ing to improve their products and reduce costs. 
They do a very good job, for the most part, of 
advancing their technology at the same time. 
Some manufacturers/suppliers provide chemicals 
to their industry. The new chemical formulations 
that they come up with have the same effect of 
improving the end users’ operations. This can be 
demonstrated by the use of existing equipment in 
different applications or with different chemicals. 
Reagent suppliers often modify the chemistry of 
their product so as to make the reagent more 
selective or more acceptable to the environment. 

  Radical departure   from the “status quo” is 
probably one of, if not the most, diffi cult types 
of innovation to get accepted by industry. 
Reasons for the opposition can be anything from 
“If it ain’t broke, don’t fi x it,” “not on my 
watch,” to “we want to be the fi rst to be second.” 
Many times the management is perfectly happy 
to let someone else test the waters with new 
innovations and only if the new innovation is 
proven elsewhere, will management then jump 
on the bandwagon and allow testing in his/her 
facility. 

 Not all innovations come from someone on 
the inside thinking “outside the box.” Sometimes 

innovations come from someone on the outside 
of the box looking in. This is where “cross polli-
nation” between industries can be particularly 
benefi cial.  

12.6     Relax 

 Innovative ideas crop up at odd times and in odd 
places and for odd reasons. For any innovative 
idea to move forward and fi nally become useful 
to society, there must be a system/procedure/
method to record those ideas and share them with 
colleagues when appropriate. 

 Operating problems often times lead to inno-
vations that have no resistance when the “the 
management” says: “We do not care what it takes, 
get this running!” When production is in jeop-
ardy,  management   is most often willing to try any 
reasonable remedy. This is the innovator’s dream 
situation which leads to many new improvements. 
Once again a key factor is to let one’s brain relax 
and let the answer “come to you.”  

12.7      Persistenc  e 

 Innovative processes often times take a long time 
to fully develop and get tested. Often times these 
developing innovations take more time that what 
is really required. That is because the project/
people get “paralyzed by perfection.” This hap-
pens because some feel that a failed test is bad. 
Some, however, do not believe that a failed test is 
bad but rather believe the quickest way to work 
out the bugs is to “get it wrong the fi rst time.” 
Failure is an expected part of development. The 
key to success is to be persistent and carry on. 
Burt Rutan, the legendary avionics innovator 
believed that to be true. He also believed that to 
be a true innovator one needs to be able to go out 
to a shop and build a prototype with his/her own 
hands. Rutan fi rmly believed that in building the 
fi rst prototype, the innovator will get it wrong the 
fi rst time and  immediat  ely see ways to improve 
the design. This fi nally leads to optimizing the 
design.  
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12.8      Optimization   

 In a production facility there is a constant push to 
optimize the use of the equipment. Optimizing 
can be simply: (a) fi ne tuning the controls on a 
burner to get more complete combustion, (b) 
improving the maintenance of the equipment so 
that unplanned shutdowns occur less frequently, 
(c) matching the size and capacity of the equip-
ment to the standard work week so as to avoid 
having to work overtime at premium labor rates. 
Regardless of the method, optimizing every 
aspect of the operation will lead to better effi cien-
cies and lower costs both of which help the com-
pany advance in comparison to the competition.  

12.9     Intellectual  Prop  erty (IP) 

 Quite often an innovation produces unexpected 
results that must be investigated further and opti-
mized. These unexpected results could result in 
additional Intellectual Property that may or may 
not need to be protected. Intellectual Property is 
always a “sticky wicket.” If  IP   Intellectual prop-
erty (IP) protection is justifi ed, should the protec-
tion be in the form of patents or copyrights. 

 Some companies actively  promote   and pay for 
“brainstorming” which actually results in innova-
tions that in turn benefi t the company. For exam-
ple, 3M allows employees to spend 10 % of their 
time as “think” time to come up with any idea 
that may benefi t the company. 

 In general, all companies should encourage 
innovation in their employees that would help the 
company develop processes/products and benefi t 
fi nancially. The company should also have a suit-
able program to reward their employees—in 
addition to their salaries and benefi ts—based on 
their contribution and benefi t to the company. In 
short, all companies should promote innovation 
 from   within and reward the employee in propor-
tion to the value realized by the company.  

12.10      Recog  nize Individuals 

 For a company to really be innovative, the man-
agement philosophy must promote, encourage, 
and reward innovative thinking of the individual 

employees. Such an atmosphere will lead to 
improvements in design of equipment and pro-
cesses and to optimization of existing technol-
ogy. The key to all this is in the brain power of the 
employees. One must always remember that the 
collective knowledge of a company walks out the 
door with the employees every day and they do 
not have to walk back in the next day. The power 
of a company lies with the employees and their 
ingrained desire to innovate. 

 The preceding is a generic description of the 
various factors involved in the design and devel-
opment of process equipment in the process 
industry. Once developed, the equipment is opti-
mized over a period of time in service to give best 
performance. 

12.11      Case Studies in  Equ  ipment 
Design and Development  

 Examples of equipment developed for the  metal-
lurgical process industry   are given below. It cov-
ers mineral processing and hydrometallurgy 
areas. Equipments developed in the pyrometal-
lurgy area are discussed in Chap. 16.  

12.11.1      Mineral Processing   

 Three pieces of  wi  dely used equipment—manu-
factured by FLSmidth—in the mineral process-
ing are shown below (Figs.  12.1 ,  12.2 ,  12.3 ). 
Figure  12.4  shows a fl otation cell Manufactured 
by Outotec USA. Figure  12.5  shows a mixer for 
agitated tanks used in leaching operations.

       A brief description of the mixer’s operating 
details is given here. 

 Many  mineral processing   plants incorporate 
large tank cells to effect conditioning of the ore 
prior to the extraction process. More notably, the 
Gold and Nickel industry routinely require 
 signifi cant retention times, sometimes measured 
in days, thus the  need   for large tank agitation. At 
the heart of these large tanks is a robust mixer 
mechanism to maintain adequate suspension over 
extended time periods. Selecting the proper 
materials of construction, agitation speed, and 
blade design are critical for these mixer drives 
as well as providing longevity of operation. 
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  Fig. 12.1    Cutaway view of 
 FLS-Dorr Oliver 300 Cell 
Flotation  . FLSmidth also 
manufactures WEMCO 
fl otation cells with varying 
capacities. Reproduced with 
permission from FLSmidth       

  Fig. 12.2    General view of FLS-Dual Drive Thickener. Reproduced with permission from FLSmidth       
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The photo represents industry-proven technology 
for these large mixer drives used in tank leaching 
CIL and CIP gold and nickel, zinc, and other pro-
cessing circuits. 

 Outotec Oyj in Finland has developed the 
 Vertical Smooth Flow (VSF TM )   mixers for use in 
SX-EW plants. The  VST TM    maintains smooth 
agitation throughout the solvent extraction plant 
to avoid oxidation of organic and development of 
overly small droplet size in dispersion.  

12.11.2      Hydrometallurgy   

 The autoclave has been the workhorse of many 
leaching processes in hydrometallurgical opera-
tions. It is widely used in the pressure leaching of 

base metal sulfi des, refractory gold ores, and 
nickel concentrates and mattes. A cutaway view 
of an autoclave used in pressure leaching tech-
nology is shown in Fig.  12.6 .

    The following two examples illustrate: (a) a 
feel for equipment development and (b) applica-
tion of technology across various applications.

   Contributed by: Dr.Adrian Deneys  
          Business Development Manager  
         PRAXAIR Inc.  
          E-mail: Adrian_Deneys@Praxair.

com    

 Two examples transferring combustion and 
gas  injection   metallurgical process technology 
from steelmaking to copper smelting are pre-

  Fig. 12.3    Cutaway view of FLS SAG Mill. Reproduced with permission from FLSmidth       
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  Fig. 12.4    Flotation Cell-Outotec (USA). Reproduced with permission from Outotec (USA) Inc.       

  Fig. 12.5    Mixer for agitated tanks. Reproduced with permission from Outotec (USA) Inc.       
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sented. Coherent jet technology combines gas 
injection and combustion technology in a single 
process. The technology was developed for steel-
making in 1996 and transferred to copper con-
verting and fi re refi ning from 2003 to 2009 
(Table  12.1 ).

   Annual process licenses across stainless steel-
making (AOD process), electric arc furnace steel-
making, and two nonferrous metallurgical 
processes (Outotec fl ash smelting and Sirosmelt 

bath smelting) are shown in the fi gure above. The 
variations in the annual licenses granted (given 
by the slopes of the lines) are attributed to many 
complex factors. Some factors may include rela-
tive capital investment, productivity enhance-
ments, market sizes, communications within the 
markets, and channels to markets. 

 The Vale Inco MK Reactor Process (Liu et al. 
 2005 ) applied Praxair’s coherent jet (CoJet ® ) 
technology in 2004. The  MK Reactor process   is 
described in detail elsewhere (Warner et al. 
 2003 ). Vale Inco pioneered the process in 1993 
with improvements in feeding, reductant addi-
tion, and refractories. In 2000 Vale Inco tested 
sonic to supersonic velocity oxygen lances and 
achieved some improvements. However, the oxy-
gen lances formed long tip accretions. Cleaning 
the oxygen lances limited furnace availability 
and the rapid decrease in oxygen effi ciency hin-
dered productivity. Praxair developed coherent 
jet technology at low oxygen supply pressure 

  Fig. 12.6    A four compartment  brick  and  lead-lined horizontal  autoclave (Berezowsky  1991 ). Copyright 1991. Reprinted 
with permission from the Minerals, Metals and Materials Society       

   Table 12.1    Summary of Praxair Coherent Jet technol-
ogy (CoJet ® ) system installations (see Fig.  12.7 ) (Deneys 
et al.  2013 )   

 Process 
 No. of 
furnaces 

 First installation 
or trial 

 Electric arc furnace 
(steelmaking) 

 144  1996 

 Copper converter 
(MK reactor) 

 1  2004 

 Copper anode furnaces  2  2007/2009 
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  Fig. 12.7    Licensees for 
Argon Oxygen 
Decarburization for 
stainless steelmaking, 
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CoJet ® , Outotec fl ash 
smelting, and Sirosmelt 
bath smelting. 
References: Praxair 
internal data (AOD and 
Electric Arc Furnace 
CoJet),   www.outotec.
com    ,   www.xstrata.com    , 
data from October 2013 
(Deneys et al.  2013 )       

  Fig. 12.8     Vale Inco MK Reactor CoJet ®  system   schematic (Liu et al.  2005 )       
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(around 20psig) for the MK Reactor (Fig.  12.8 ) 
process in 2003–2004. Further customization 
occurred in 2010. Benefi ts include increased oxy-
gen effi ciency, increased smelting productivity 
(record production, Vale annual report  2010 ), and 
increased turndown (the ability to run the MK 
Reactor process effi ciently at lower production 
rates, when needed).

   In 2005 Kennecott Utah Copper visited Vale 
Inco and began a project to apply Praxair’s coher-
ent jet technology for the copper anode furnace 
process. Praxair developed mixed oxygen/nitrogen 
coherent jet technology for the copper smelting 
process (Deneys and Enriquez  2009 ). The technol-
ogy was adopted in 2009 following the application 
to remove large hearth accretions (Enriquez et al. 
 2010 ). In 2010 the  coherent jet process   was adopted 
for scrap melting (Enriquez et al.  2013 ). Benefi ts 
include the ability to rapidly heat cold blister cop-
per, increased scrap melting, accretion control, and 
to desulfurize high levels of sulfur in blister copper 
(Deneys et al.  2013 ). Top blown coherent jet refi n-
ing process developments continue.   

12.12      Conclusion  

 This chapter summarizes the driving forces that 
are involved in the design and development of 
equipment for the metallurgical process industry. 
Optimization of existing equipment to obtain 
best results is always an ongoing process. The 
chapter concludes with an example of (a) equip-
ment development and (b) adaptation of a devel-
oped technology across various disciplines of the 
metallurgical industry.     
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13.1             Introduction 

 The  mining industry   comprising extraction (min-
ing), mineral processing (also referred to as ben-
efi ciation, milling, or concentration), and 
metallurgical processing (smelting and refi ning) 
is capital, water, and energy intensive with poten-
tial for signifi cant environmental impacts, if the 
environmental aspects are not properly managed. 
In order to be sustainable, industry needs to care-
fully address all of these aspects. 

 The scope of this book is “mineral and metal-
lurgical” processing, involving both physical and 
chemical processing and high- and low- 
temperature processing—namely, pyrometallur-
gical and hydrometallurgical processes. The 
industry needs to be innovative in how it goes 
about developing mineral and metallurgical pro-
cesses. Due consideration consequently needs to 
be given to addressing capital intensity, water and 
energy use, environmental impacts, and indus-
trial hygiene and safety considerations. How pro-
cesses are developed today has a bearing on 

whether the industry is, and will remain, sustain-
able in the future. 

 In  mineral and metallurgical process develop-
ment  , addressing these aspects starts at the con-
ceptual stage and continues through bench-scale 
testing, pilot plant testing, commercial demon-
stration, and ultimately commercial operation. 
Finally, how a new process is integrated into 
other unit operations at a facility requires careful 
deliberation, calling for a holistic approach 
through all aspects of mining, mineral and metal-
lurgical processing, looking at both upstream 
(mining and exploration) as well as downstream 
(fabrication and production of end-use product) 
operations, product use, and ultimate end-of-use 
recycling or disposal. 

 The examples used to illustrate some of the 
essential considerations of sustainable develop-
ment are drawn from the primary copper industry 
because of the author’s experience with that sec-
tor. There are two routes for primary copper pro-
duction: (1) hydrometallurgical—leach, solvent 
extraction, and electrowinning and (2) pyromet-
allurgical—milling, froth fl otation, smelting, and 
refi ning. For a more detailed understanding of 
these processes, the reader should refer to a stan-
dard textbook such as Schlesinger et al. ( 2011 ). 

 In this section, we discuss the importance of 
sustainable development and environmental 
management considerations in the mining and 
metallurgical industry and their implications for 
innovative process development. 

           K.   Parameswaran      (*) 
  President ,  tfgMM (Trusteeship for Future 
Generations Mining and Metallurgy) Strategic 
Consulting ,   34365 North 96th Way ,  Scottsdale , 
 AZ   85262 ,  USA   
 e-mail: kparameswaran0346@gmail.com  
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13.1.1     Is Mining Sustainable 
and What Are Sustainable 
Mining Practices? 

 We start by examining whether  mining and min-
eral development   is sustainable (Rajaram and 
Parameswaran  2005 ) because at fi rst blush it 
appears it is not. The reason for such a view is that 
no mine lasts forever because mineral resources 
are fi nite and nonrenewable. The other reason is 
that certain historic mining practices, which are 
no longer acceptable, have had signifi cant nega-
tive impacts on the environment. However, min-
ing is important for the economic development of 
nations. In addition, because every item in mod-
ern commerce is made from something that is 
either mined or grown, it is impossible to contem-
plate sustainable development, or for that matter, 
any development that is not to some extent based 
on mineral development. 

 The 1987 World Commission on Environment 
and Development report “Our Common Future,” 
also referred to as the “Bruntland Commission 
Report” defi nes sustainable development as:

  Development that meets the needs of the present 
without compromising the ability of future genera-
tions to meet their own needs. (WCED  1987 ) 

   It is true that mines run out of ore and, there-
fore, a mine at some point has to cease opera-
tions. This makes consideration of sustainability 
in mining even more important because:

  Sustainability encompasses many more values 
than the continuing availability of the resource 
being developed. Indeed, it is the very fact that 
mineral development will end some day that makes 
integration of those other sustainability consider-
ations into the mining process highly appropriate. 
(Pring  1998 ) 

   With respect to being a nonrenewable and 
fi nite resource, there are several examples of cop-
per mines with long lives. One good example in 
the United States is the Bingham Canyon copper 
mine, 25 miles southwest of Salt Lake City, Utah, 
operated by Kennecott Utah Copper Corp. and 
owned by Rio Tinto has been producing copper 
since 1906. Over that period, the mine has produced 
around 19.5 million tons of copper, 27 million 

troy ounces of gold, 240 million troy ounces 
of silver, and around 1.1 billion pounds of 
molybdenum, and the Cornerstone Project is 
expected to increase mine life well beyond 2019 
and there is signifi cant mineralization beyond 
the Cornerstone Project. It is estimated that the 
remaining mineralization equals what has been 
mined to date. 

 Examples of other copper mines, mills, and 
smelters with long lives in Arizona include 
ASARCO LLC (Asarco) Ray Mine and the 
Hayden Concentrator, which celebrated their 
centennial in 2011 and the Hayden Smelter which 
celebrated its centennial in 2012.  Freeport- 
McMoRan Inc. (FMI)   Morenci mine started 
underground mine operations in 1881 and transi-
tioned to open-pit mining in 1937.  FMI  ’s Bagdad 
mine started underground mine operations in 
1928 and transitioned to open-pit mining in 1945 
and its Chino mine started open-pit operations in 
1910 and concentrator in 1911. Asarco’s Mission 
mine celebrated 50 years of operation in 2011 
and FMI’s Sierrita mine started open-pit opera-
tions in 1957. Asarco’s Silver Bell mine com-
menced open-pit operations in the mid-1950s and 
operated through 1984. It has operated its Leach, 
SX-EW facilities since 1997. 

 Very few manufacturing facilities can rival 
that record of longevity. However, there are other 
mines that may have ore suffi cient for 10 years of 
operation, particularly in gold mining. We there-
fore argue that because we are dealing with a 
nonrenewable and fi nite resource, it is imperative 
to incorporate sustainable development consider-
ations in all aspects of development of a mineral 
project. 

 Further, as demand for metals grows so do 
proven and probable resources. This is due, in 
part, to the discovery of new resources through 
continued exploration, even as mining proceeds 
and, in part, due to technological advances that 
allow the economic processing of lower grade 
ores and even wastes. Examples of technological 
advances in primary nonferrous metals produc-
tion include: froth fl otation for the concentration 
of nonferrous metal sulfi de ores;  Solvent 
Extraction-Electrowinning (SX-EW)   for  leaching 
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of copper ores and cyanide heap leaching for 
gold ores. Each of these advances has added con-
siderably to the inventory of economically mine-
able reserves. 

 Additionally, continued exploration by mining 
companies concurrent with production and 
research, development, and adoption of new 
technologies can further the sustainability of 
mining. 

 While we mine today to satisfy current 
demand for metals, we provide future genera-
tions with knowledge on where the ore bodies are 
and the methods for extracting them. 

 Another attribute contributing to sustainabil-
ity of metal mining is the recyclability of metals. 
Many metals once produced are capable of being 
recycled, smelted time and again to their original 
elemental form and refi ned to demanding specifi -
cations. Furthermore, recycling can conserve 
energy since recycling processes are much less 
energy intensive than the primary metals produc-
tion processes.  Recycling   also contributes to the 
conservation of natural resources by providing an 
above ground virtual mine. As a result of recy-
cling, the majority of all copper ever mined is 
still in use, as is at least 99 % of the gold ever 
produced and upward of 60 % of the silver mined 
is still in existence as bullion, coins, or fabricated 
products. Metals are through recycling, infi nitely 
renewable and, therefore, useful as a store of 
value to future generations. 

 Once a metal has been mined and refi ned, it is 
available at the end of its life cycle to augment 
the supply of metal that is available to society in 
the future. It will become increasingly more 
important to tap these sources of supply espe-
cially as primary mineral and metal resources 
diminish. However, there are challenges associ-
ated with  recyclin  g, especially if the metal is in 
the form of all alloy or mixed with other scrap- 
containing impurities that may be diffi cult to 
remove. In the future, cost-effective processes 
have to be developed that can make it feasible to 
recover primary metals from alloys and mixed 
scrap-containing deleterious impurities. If recy-
cling involves adding these materials as supple-
mentary feed to the primary metal production 
process they may have to be added to unit opera-

tions at the front end of the primary metal pro-
duction process. Although the energy used and 
associated cost in the recycling process can be 
small when compared to primary metal produc-
tion, the scrap collection chain, which in most 
cases is complicated, results in additional costs 
principally labor, thereby increasing the cost of 
recycling. 

 According to the  Copper Development 
Association Inc  ., “of the world’s reserves of cop-
per about one-quarter of the deposits are eco-
nomically recoverable now or in the near future. 
Of this reserve base, about 16 % (198 billion 
pounds of copper) is in the United States. Every 
year roughly three billion pounds are withdrawn 
from the earth as US mine production, a barely 
discernible amount compared to the reserve base. 
The copper already mined through history 
amounts to 700 billion pounds, most still in recy-
cling use. Interestingly enough, although copper 
is continuously mined and put into use, the esti-
mated US reserve base has stayed relatively con-
stant in recent years, and has increased fourfold 
from estimates made in 1952 as new deposits 
have been found and, even more important, 
because better extraction techniques have allowed 
leaner deposits to be added to the reserve base. 
There is every reason to believe that these dynam-
ics will continue well into the twenty-fi rst cen-
tury. Three additional factors will also infl uence 
copper supply: US self-suffi ciency, energy effi -
ciency, and recyclability” (Copper in the United 
States—Bright Future Glorious Past:   http://www.
copper.org/education/history/us-history/g_fact_
future.html    ). 

  Mining   is sustainable when it is conducted in 
a manner that balances economic, environmental, 
and social considerations, i.e., by paying atten-
tion to the “triple bottom-line.” It should be noted 
that these are not three separate bottom lines but 
a single integrated one. Therefore, sustainable 
mining practices are those that promote this bal-
ance. These practices should begin with explora-
tion, continue with mine development, 
metallurgical facility design, through operations 
and until mine reclamation and metallurgical 
facility closure is completed. The emphasis 
throughout a mining project, which could last 
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several decades, is one of communication with 
the local community and all other stakeholders, 
employing technologies for effi cient production 
and minimizing environmental impacts and 
worker exposure throughout the production 
chain, including while a mineral or metallurgical 
process is being developed. We also need to 
incorporate tools such as life cycle analysis so 
 that   environmental, economic, and social impli-
cations can be comprehensively evaluated.  

13.1.2     Importance of Environmental 
Management 
and Environmental 
Management Systems 

  Environmental Management Systems (EMS)   
provide a useful framework that helps companies 
in achieving environmental goals through consis-
tent control of its operations. It does so by insti-
tuting “plan,” “do,” check,” and “act” approach, 
with the  objecti  ve of continual improvement. The 
expectation is that incorporation of EMS will 
translate to better environmental performance for 
the company. For more details, see references 
such as (Von Zharen  2001 ).  

13.1.3     Regulatory Context: 
Applicable  Environmental 
Laws and Regulations   

 In considering environmental impacts of pro-
cesses, it is necessary to have an understanding of 
the regulatory framework and the applicable 
environmental regulations. This will vary with 
the jurisdiction where the process being devel-
oped will be implemented. A discussion of the 
regulatory framework in the United States is pro-
vided by Parameswaran ( 2005 ) and is summa-
rized in this section. 

 In the United States, the Clean Air Act, the 
Clean Water Act, and the Resource Conservation 
and Recovery Act and their implementing regula-
tions govern the control of gaseous and particu-
late emissions, the control of effl uents and 

stormwater, and the management of solid and 
hazardous wastes, respectively. 

13.1.3.1      Clean Air Act of 1970 
and 1990 Amendments 

 The primary  focu  s of the air regulations required 
by the Clean Air Act (CAA) is the setting, attain-
ment, and maintenance of national standards to 
protect public health. Regulation focuses on two 
categories of air pollutants. The fi rst category 
consists of six commonly found “Criteria Air 
Pollutants” (sulfur dioxide, nitrous oxides, par-
ticulate matter, lead, ozone, and carbon monox-
ide) for which air standards must be shown to be 
achieved in ambient air. These six pollutants are 
controlled by federal-based programs requiring 
technology-based controls on emissions from 
certain pieces of equipment or operations, and by 
additional methods as needed to keep concentra-
tions at or below the human-health-based stan-
dards. The second set of regulated pollutants 
focus on a different set of 187 listed “Hazardous 
Air Pollutants.” Unlike the fi rst set of six, these 
pollutants are controlled by federal-based pro-
grams requiring technology-based controls on 
emissions from certain enumerated pieces of 
equipment or operations. 

 In addition, regulation of  greenhouse gas   
(GHG) emissions is in the early stages of imple-
mentation. The U.S.  Environmental Protection 
Agency (EPA)   has made an endangerment fi nd-
ing for GHG emissions as it relates to climate 
change and fi nalized additional permitting 
requirements. However, the U.S. Supreme Court 
has set aside some of these requirements. There 
is still no consensus of how climate change would 
ultimately be addressed. EPA has recently pro-
posed carbon standards for existing power plants 
in addition to those already proposed new power 
plants. 

 For criteria pollutants, EPA is required to set 
National Ambient Air Quality Standards 
(NAAQS), “requisite to protect public health 
with an adequate margin of safety.” States and 
local air pollution control agencies have the 
responsibility to implement the program, usually 
done by establishing State Implementation Plans 
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to implement these programs. States, along with 
EPA, have enforcement responsibility. 

 There are two main federal programs requir-
ing technology-based limits for emissions in new 
mine, mineral and metallurgical processing facil-
ity construction and operation (known as New 
Source Review and as New Source Performance 
Standards) for criteria pollutants. 

 Additional limitations on emissions may be 
set for the local airshed (where the mine, min-
eral or metallurgical facility would be located), if 
needed, to maintain the NAAQS for those six cri-
teria pollutants. Generally in a rural airshed, such 
additional limits are minimal but they can be 
more signifi cant in urban areas where there are 
many more sources of pollution or in rural air-
sheds with a history of exceeding the health- 
based standards. 

 Under Section 112(r) of the Clean Air Act 
Amendments, EPA has published regulations and 
guidance for chemical accident prevention at 
facilities that use extremely hazardous sub-
stances. These regulations and guidance are con-
tained in the Risk Management Plan ( RMP  ) rule. 
The information required from facilities under 
RMP helps local fi re, police, and emergency 
response personnel prepare for and respond to 
chemical emergencies. Making  RMPs   available 
to the public also fosters communication and 
awareness to improve accident prevention and 
emergency response practices at the local level. 
The RMP rule was built upon existing industry 
codes and standards. It requires companies that 
use certain fl ammable and toxic substances to 
develop a Risk Management Plans. Certain 
chemicals might trigger an off-site consequence 
assessment to model worst-case release 
scenario.  

13.1.3.2     The Federal Water Pollution 
Act of 1972 (aka the Clean 
Water Act) 

 The goal of the Clean Water Act ( CWA  ) is to 
restore and maintain the chemical, physical, and 
biological integrity of the nation’s waters. The 
CWA set up a mechanism for federal funding of 
infrastructure improvements intended to improve 
water quality and also established two primary 

programs to achieve this goal: (1) a permit pro-
gram—the National Pollutant Discharge 
Elimination System ( NPDES     ) program—to con-
trol discharges of pollutants to navigable waters; 
and (2) a mandate to states to adopt (with EPA 
review and approval) surface water quality stan-
dards  fo  r navigable waters within their boundar-
ies that would result in a level of water quality 
suffi cient to protect fi sh and wildlife, as well as 
human health and recreational uses (often 
referred to as the “fi shable, swimmable” goal). 
Today, administration of the NPDES program 
has with few exceptions been delegated to states 
(with EPA oversight). Applicants for NPDES 
permits must show that a proposed discharge will 
not violate the surface water quality standards set 
by the state for the receiving water and will com-
ply with any technology-based effl uent limitation 
guidelines established by EPA. Such guidelines 
have been established for over 50 industry sectors 
to date, including ore mining and dressing and 
nonferrous metals manufacturing—smelting and 
refi ning. The effl uent limitation guidelines may 
establish numeric limits on the concentration of 
pollutants in a discharge and/or may limit when a 
discharge may occur. 

  Stormwater   discharges into navigable waters 
from industrial activity (including mining and 
construction), as well as from large and medium 
municipalities, also are regulated under the 
NPDES permit program (or a state delegated pro-
gram). Such discharges are commonly regulated 
under general permits, but in some cases an indi-
vidual permit may be required. 

 The discharge of one class of pollutants—
dredged or fi ll material—into navigable waters is 
not regulated under the NPDES program, but 
rather under a different permit program estab-
lished by the CWA (referred to as the Section 404 
permit program). The Section 404 permit pro-
gram is administered primarily by the United 
States. Army Corps of Engineers, although EPA 
has a signifi cant role in reviewing and enforcing 
these permits. 

 Over the years, the concept of “ navigable 
waters  ” has been construed broadly. In addition 
to territorial seas, large fl owing waters, lakes, and 
wetlands, it has been interpreted to include 
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smaller waters  tha  t fl ow only on a periodic basis, 
including small washes that fl ow only briefl y in 
response to precipitation.  

13.1.3.3     The Resource Conservation 
and Recovery Act 

 The Resource Conservation and Recovery Act 
(RCRA) of 1976 requires EPA to regulate the 
management  of   hazardous wastes from genera-
tion to disposal, i.e., cradle to grave. It also sets 
forth a framework for the management of non-
hazardous wastes, underground storage tanks, 
and medical wastes. RCRA focuses predomi-
nantly on active and future facilities and gener-
ally does not address abandoned or historical 
sites unless present at an active facility engaged 
in treatment, storage, or disposal of hazardous 
waste, requiring a permit. As with other environ-
mental laws, RCRA allows  EPA   to delegate per-
mitting and enforcement authority to the states. 

 With a few exceptions (waste in domestic 
sewage, irrigation return fl ows, discharges regu-
lated by CWA permits, and radioactive materials 
regulated under the Atomic Energy Act) RCRA 
defi nes all “ discarded” materials   as solid waste 
regardless of whether a material is solid, liquid, 
or contained gas. The scope of discarded materi-
als has been subject of considerable debate and 
litigation. EPA’s regulatory defi nition of solid 
waste includes materials that are “abandoned,” 
“recycled,” or “inherently waste-like,” all of 
which are defi ned in regulations. EPA’s defi nition 
of “hazardous wastes,” with certain exceptions 
includes solid wastes that:

•    Are on a list of hazardous wastes: nonspecifi c 
source wastes, wastes from specifi c sources, 
and commercial chemical products.  

•   Exhibit characteristics of ignitability, corro-
sivity, reactivity, or toxicity.  

•   Is a mixture of a listed  hazardo  us waste and a 
solid waste or is a solid waste derived from a 
listed hazardous waste (with some 
exemptions).    

 EPA regulations also identify the kinds of 
recycling activities that are classifi ed as hazard-
ous and those that are not.  EPA   published a fi nal 

rule on January 2015 revising several recycling- 
related exclusions associated with the defi nition 
of solid waste used to determine hazardous waste 
regulation. 

 One of the exemptions to EPA’s defi nition of 
 hazardo  us wastes arising from statutory provi-
sion called the Bevill amendment, which required 
EPA to study extraction, benefi ciation, and “min-
eral processing” wastes ( note that “smelting and 
refi ning” is defi ned in the RCRA regulations as 
“mineral processing” ) and make a regulatory 
determination on how these wastes should be 
regulated. EPA determined that all uniquely asso-
ciated (i.e., those that derive their characteristics 
from the ore being processed) extraction and ben-
efi ciation wastes and 20 large volume “smelting 
and refi ning” wastes should be regulated as “non-
hazardous.” These 20 wastes include primary 
copper, lead smelting slags, copper slag tailings, 
and calcium sulfate wastewater treatment sludge 
from primary copper processing would be regu-
lated as nonhazardous. The complete list of the 
20 wastes can be found at 40 Code of Federal 
Regulations (CFR) §261.4 (b) (7). 

 EPA’s hazardous waste regulations impose 
requirements for generators, transporters, and 
operators of treatment, storage, and disposal 
(TSD) facilities. Generator requirements include 
obtaining an EPA I.D. number; determining 
whether their wastes are hazardous; preparing 
their waste for transportation (according to 
Department of Transportation (DOT) Pipeline 
and Hazardous Materials Safety Administration 
(PHMSA) packaging and placarding require-
ments); preparing the Uniform Hazardous Waste 
Manifest (manifest); and complying with stor-
age, training, planning, record keeping, and 
reporting requirements. The manifest is the key 
ingredient of RCRA’s cradle to grave regulatory 
scheme. Each time a waste is transferred (from 
generator to transporter, from one transporter to 
another, or from transporter to the designated 
facility) the manifest must be signed to document 
receipt. The designated facility on receipt of the 
waste sends a copy of the signed manifest back to 
the generator. There are three categories of  gen-
erators  : Large Quantity Generators (LQG), Small 
Quantity Generators (SQG), and Conditionally 
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Exempt Small Quantity Generators (CESQG), 
depending on the quantity of waste generated per 
month. An SQG can generally store hazardous 
wastes for up to 180 days and a LQG up to 90 
days, without having to obtain a TSD permit. 

 Transporters of hazardous wastes must obtain 
an EPA I.D. number, comply with manifesting 
requirements, meet DOT transportation require-
ments, must properly deal with accidental spills 
and accidents, and report serious accidents and 
spills to the National Response Center and DOT. 

  TSD   facilities are subject to RCRA’s Subtitle 
C permitting requirements and have to meet stan-
dards for TSD units, e.g., containers, tanks, sur-
face impoundments, waste piles, land treatment, 
landfi lls, and incinerators. TSD facilities must 
comply with citing requirements. They must ana-
lyze incoming wastes, meet security require-
ments, inspect their facilities, and comply with 
employee training  an  d record keeping require-
ments. Other requirements may include ground-
water monitoring and reporting, control of air 
emissions, closure and postclosure, and fi nancial 
assurance. In addition, as part of the issuance of a 
RCRA permit, EPA and authorized states require 
corrective action to remediate past releases  o  f 
hazardous constituents or wastes. 

 The  Hazardous and Solid Waste Amendments 
(HSWA),   the 1984 amendments to RCRA, 
require phasing out land disposal of hazardous 
waste. Hazardous wastes have to be treated to 
meet land disposal  restri  ctions levels, thus 
increasing the cost of disposal. Some of the other 
mandates of HSWA include increased enforce-
ment authority for EPA and a comprehensive 
underground storage tank program.   

13.1.4      Regulatory Context: 
 Applicable Health and Safety 
Regulations   

 In the United States, the laws that govern work-
place safety are Mine Safety and Health (MSH) 
Act and  Occupational Safety and Health (OSH) 
Act   and their implementing regulations. The 
 Mine Safety and Health Administration (MSHA),   
an agency of the U.S. Department of Labor, has 

responsibility for administration and enforce-
ment of the MSH Act of 1977, which protects the 
safety and health of workers employed in the 
nation’s mines. It applies to all mines and mineral 
processing operations in the United States, 
regardless of size, number of employees, or 
method of extraction. The Act requires MSHA to 
inspect all mines each year to ensure safe and 
healthy work environments for miners. In addi-
tion to setting safety and health standards for pre-
venting hazardous and unhealthy conditions, 
MSHA’s regulations establish requirements for: 
(1) immediate notifi cation by the mine operator 
of accidents, injuries, and illnesses at the mine 
and (2) training programs that meet the require-
ments of the MSH Act. 

 The  Occupational Safety and Health 
Administration (OSHA),   another agency of the 
U.S. Department of Labor, administers and 
enforces the OSH Act of 1970. Safety and health 
conditions in private industries, including manu-
facturing facilities such as smelters and refi ner-
ies, are  re  gulated by OSHA or OSHA-approved 
state plans. There is also a general duty to pro-
vide work and workplace free from recognized 
serious hazards. Federal and state regulators 
work to ensure worker safety and health through 
worksite enforcement, education and compliance 
assistance, and cooperative and voluntary 
programs. 

 OSHA regulations also include process safety 
management requirement for highly hazardous 
chemicals aimed at preventing or minimizing the 
consequences of catastrophic releases of toxic, 
reactive, fl ammable, or explosive chemicals. 
These releases may result in toxic, fi re, or explo-
sion hazards. These regulations also prescribe 
permissible exposure limits for toxic air contami-
nants such as inorganic arsenic, lead, cadmium, 
etc. These can be met by use of respirators, pro-
tective work clothing and equipment, or by 
implementing engineering controls. In addition, 
there are exposure monitoring provisions, medi-
cal surveillance, and removal provisions. 

 In addition, both Acts have  hazard communi-
cation standards (HCS)   requiring mines, smelt-
ers, and refi neries to develop, implement, and 
maintain a written  hazard communication 
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(HazCom) program  . Operators must identify 
chemicals used by workers; make a hazard deter-
mination; ensure that containers have labels; 
make available a  Material Safety Data Sheet 
(MSDS)   for each hazardous chemical used or 
produced at the mine or facility; and instruct 
workers on the physical and health hazards of the 
chemicals encountered at the work place, protec-
tive measures, and the contents of the HazCom 
program. OSHA updated its Hazard 
Communication Standard in March 2012, incor-
porating the United Nations’ Globally 
Harmonized System of Classifi cation and 
Labeling of Chemicals (GHS). Major changes to 
OSHA’s HCS include a new system of classify-
ing types and degrees of hazards, changes to 
labeling requirements, and changes to the Safety 
Data Sheet (SDS, formerly called MSDS).  

13.1.5     Implication for  Process   
Development 

 In mineral and metallurgical process develop-
ment, sustainability considerations need to be 
evaluated upfront. In particular, we need to evalu-
ate  oppo  rtunities for resource, energy, and water 
conservation. We would also need to look at mea-
sures that would be required for the control of 
emissions, effl uents, and the management of 
wastes. Another important consideration is 
assessment of industrial hygiene and safety 
requirements for the protection of the health of 
workers, associated with the process being devel-
oped. Finally, the community needs to be 
informed and their views solicited regarding the 
new technology being developed and its benefi ts 
and how environmental impacts will be avoided 
or mitigated. This communication needs to occur 
throughout the process development cycle and 
community concerns need to be addressed. 

 In the remainder of the chapter, these consid-
erations are discussed with illustrative examples, 
followed by a case study, of how such consider-
ations are being currently addressed by industry 
and fi nally a checklist is provided to determine 
whether these elements have been adequately 
addressed by the process developer.   

13.2      Opportunities for  Resource 
Conservation   

 The production of many nonferrous  metals   
involves the processing of low-grade ores and 
hence it is important to evaluate opportunities for 
resource conservation. For example, the U.S. 
copper mining industry works with ores that typi-
cally have around 0.5 % copper. In addition, the 
ores may contain minor constituents, which 
might include precious metals like gold, silver, 
platinum; valuable recoverable constituents such 
as lead, zinc, rhenium, molybdenum, bismuth, 
nickel, selenium, and tellurium, and constituents 
of environmental concern such as arsenic and 
cadmium. Rare earth elements have been detected 
in copper leach solutions. Ignoring opportunities 
for recovering these constituents means forego-
ing potential coproduct revenue streams and 
resulting in more waste generation. A few per-
cent increase in the yield of a process can improve 
the process economics considerably. 

 It should be recognized that the composition of 
the ore body is determined by geological occur-
rence, and therefore, there is little discretion over 
the composition of the raw material. This restricts 
opportunities for source reduction with respect to 
impurities of environmental concern but also pro-
vides the opportunity to recover valuable constitu-
ents, providing the potential for additional 
revenues through coproduct sales. For example, 
copper ores in Arizona contain molybdenum, rhe-
nium, rare earth metals, and zinc. Whether these 
are recovered will depend on the economics of 
coproduct recovery and will vary with metal and 
commodity prices. When they are not recovered, 
these constituents may end up in tailings or con-
centrates, ultimately reporting to discarded smelter 
slag, when the concentrates are smelted. Resource 
conservation in the mineral processing step, there-
fore, involves the evaluation of the recovery of 
these coproducts such as molybdenum and zinc 
from an economic and environmental standpoint. 

 Resource conservation in the copper smelting 
 step   is usually accomplished by the resmelting of 
copper-rich fl ue dusts or fi lter cake, as part of the 
smelter charge or, if they are enriched with 
respect to lead or bismuth, they can be shipped to 
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off-site facilities for metal recovery. Acidic 
scrubber solutions can be reused for leaching 
copper ores. Copper-bearing secondary materials 
from electrorefi ning of copper can be resmelted 
at the smelter. They include: “sharp” slag, pre-
cious metals bearing furnace bricks, copper tel-
luride leach residue, foul cathodes, and copper 
residues. 

 Some of the  impurities   present in copper ores 
such as Pb, As, Sb, and Bi accumulate in the cop-
per electrolytic refi ning stage in the  electro  lyte 
and their concentrations gradually increase with 
time. The concentrations of these impurities have 
to be maintained at acceptable levels, as some of 
these impurities in refi ned copper can cause grain 
boundary cracks in wiredrawing. Novel technol-
ogies such as Molecular Recognition Technology 
(MRT) have been implemented at Asarco’s 
Amarillo Copper Refi nery to remove bismuth 
from copper refi nery electrolyte as a bismuth sul-
fate product, replacing the conventional methods, 
i.e., bleed stream withdrawal and controlled arse-
nic additions to the electrolyte (Izatt et al.  2015 ). 

 In order to recover the acid and some of the 
other valuable metals present in the copper elec-
trolyte such as nickel, U.S. copper refi neries have 
installed  Acid Purifi cation Units   (Sheedy et al. 
 2006 ) where, after the electrowinning process, 
the decopperized electrolyte bleed is sent to the 
Acid Purifi cation Unit (APU), where sulfuric 
acid and arsenic are absorbed  into   the resin and 
then desorbed using water that is then returned to 
the tank house to be reused as acid makeup and to 
increase arsenic concentration in the electrolyte. 
A by-product stream is generated that is high in 
nickel and other valuable metals that can be fur-
ther processed and the metals recovered. This 
process eliminates the production of black acid 
and the use of evaporators with their associated 
high amounts of energy consumption, and also 
70 % of the arsenic has been reported to be 
returned with the sulfuric acid. Nickel carbonate 
product can be precipitated by treating the 
deacidifi ed electrolyte with  sod  ium carbonate. 
The pH selective, two-step process fi rst recovers 
a residue (at pH 6–6.2) containing copper, iron, 
arsenic, antimony, and bismuth that is returned to 
the copper smelter to recover copper. The fi nal 

approximately pH 10 precipitate is the nickel 
carbonate product that is sold. 

 During the leaching of anode slimes, tellurium 
dissolves into the leach liquor together with cop-
per and must be removed before the solution is 
sent to liberator cells for copper recovery. 
Leaching is conducted in atmospheric pressure 
tanks instead of a  pressu  rized vessel and tellu-
rium is recovered from the leach liquor by cemen-
tation using elemental copper. 

 In considering these opportunities, the regula-
tory status of the secondary materials needs to be 
considered, as further discussed in Sect.  13.6 .  

13.3     Opportunities for Energy 
Conservation 

 Mineral and metallurgical processing is  inher-
en  tly energy intensive—comminution, smelt-
ing, refi ning, and ancillary facilities such as 
scrubbers, electrostatic precipitators, double 
contact acid plants, and oxygen plants, which 
themselves are large energy consumers. 
Therefore, it is important that opportunities for 
energy conservation be thoroughly explored—
blast optimization, energy effi cient grinding 
methods, waste heat recovery in smelting, utili-
zation of energy effi cient equipment to reduce 
energy consumption and using  renewable 
energy sources  , where appropriate. Such assess-
ment will impact not only the process eco-
nomics but also achieve emissions reduction 
from the reduction in fuel and electricity 
consumption. 

 According to the  Copper Development Inc     ., 
there are wide variations in the energy used to 
recover metals from the earth’s crust. “Copper 
ranks near the middle for energy required for 
extraction—higher than iron, zinc or lead, but at 
considerable  adva  ntage to aluminum, titanium 
and magnesium, which require much larger 
quantities of energy to break down the ore (or 
seawater and brines in the case of magnesium) 
into metallic form.” (Copper in the United 
States—Bright Future Glorious Past:   http://www.
copper.org/education/history/us-history/g_fact_
future.html    ). 
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 In the past, the objective of the blasting opera-
tion in hard rock mining was to convert an in situ 
rock mass into a muck pile with proper  fragmen-
  tation size and shape for the excavation equip-
ment (Oloffson  1988 ). Over the subsequent 
decades, it has come to be recognized as one of 
the most important comminution considerations 
because of its infl uence on the downstream steps 
of crushing and grinding and blast design has 
emerged as an important research focus for mine-
to- mill optimization (Kim  2014 ). Over the years 
considerable efforts have been expended in the 
development of more energy effi cient crushing 
and grinding technologies. 

13.3.1     Energy Use in  Copper 
Smelting Processes   

 In a paper in the Proceedings of Copper, Diaz 
(Diaz  2010 ) discusses technological advances, 
increased use of oxygen, pursuit of improved 
productivity, changing geography of smelting 
capacity, energy consumption, and greenhouse 
gas emissions associated with various copper 
smelting technologies. He notes that over the last 
three decades, increased oxygen usage in copper 
smelting and converting and the implementation 
of computerized process control have led to 
increased smelter concentrate processing capac-
ity, reduced energy consumption, increased sul-
fur dioxide capture and that there has been a 
major realignment of world smelting capacity to 
China, India, and other Asian countries. 

 Coursol, Mackey, and Diaz (Coursol et al. 
 2010 ) in the same proceedings using  thermochem-
ical modeling   and industrial data compare the 
energy consumption in copper smelting for vari-
ous smelting routes. They reference the seminal 
paper (Kellogg and Henderson  1976 ), as pioneer-
ing life cycle energy analysis applied to copper 
extractive metallurgy. The analysis includes not 
only the fuel and electricity used for the various 
smelting alternatives but also the energy required 
to produce the main supplies. These are also 
referred to as Level 1 and Level 2 energy analysis. 
Other researchers have utilized similar methodolo-
gies to compare energy consumption in various 

copper processes (Nadkarni and Parameswaran 
 1975 ; Parameswaran et al.  1981 ). The latter paper 
estimated the energy requirements for a number of 
copper pyrometallurgical and hydrometallurgical 
processes using industrial operating data and 
material balances. The  energy analysis   included 
all operations from mining through production of 
refi ned copper. INCO and Outokumpu Flash 
Smelting/Batch Converting and Mitsubishi 
Continuous Smelting/Converting are in the lowest 
range of energy consumption because of the utili-
zation of the fuel value of sulfur and iron in con-
centrates and the utilization of tonnage oxygen. 
The  energ  y consumption ranges from 19.93 to 
21.25 MMBTU/ton of cathode copper. To obtain 
the total energy required to produce a ton of cath-
ode copper, the energies for mining and concen-
trating need to be added. For a 98.7 % recovery in 
the smelting operation, the estimated mining and 
concentrator energy consumption are 
20.13 MMBTU/ton and 42.57 MMBTU/ton of 
cathode copper, respectively. 

 Coursol et al. estimate the  energy consump-
tion   for four copper pyrometallurgical processing 
routes as follows: (1) Flash Smelting/Flash 
Converting 10,784 MJ/ton, (2) Isasmelt/Peirce 
Smith Converting 11,078 MJ/ton, (3) Mitsubishi 
Continuous Smelting/Converting 11,006 MJ/ton, 
and (4) Noranda/Teniente 12,746 MJ/ton. The 
authors compared their estimates of energy 
requirements of current processes with those 
studied by Kellogg and Henderson. Their com-
parisons show that the decreases resulting from 
technology advances in oxygen production and 
increased productivity as a result of increased 
oxygen usage in smelting and converting have 
more than compensated for increased energy 
requirements associated with the more stringent 
environmental controls that are currently 
required. They also note that the average electri-
cal energy (processes 1–3) is not substantially 
higher since the time of publication of the 
Kellogg and Henderson study. Changes since that 
time include the increased use of tonnage oxygen 
in copper smelting and increased electricity con-
sumption associated with use of double contact 
acid plants and the greater degree of control and 
capture of converter fugitive gases. Electricity 
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consumption reduction is associated with the 
substantially lower consumption associated with 
the production of tonnage oxygen (285 versus 
397 KWH/ton) and higher power plant effi cien-
cies (38 versus 32.5 %). They fi nd noteworthy the 
much lower fossil fuel consumption that is due to 
the utilization of the fuel value of iron and sulfur 
in concentrates. They attribute improved furnace 
design and operating practices, computerized 
process control, and higher furnace feed through-
put for these achievements. 

 Compliance with more stringent  sulf  ur diox-
ide NAAQS in the United States is likely to 
increase the electrical energy consumption as 
certain U.S. smelters install the necessary air pol-
lution control equipment to meet these standards. 
The increased electricity consumption at the 
smelter would result in additional emissions of 
criteria and greenhouse gas emissions at the 
power plant. 

 As  climate change regulations   mature there 
will be greater emphasis on reducing greenhouse 
gas emissions resulting from restrictions on fossil 
fuel usage or imposition of a carbon tax. Life 
cycle energy use and costing will be increasingly 
used to properly evaluate these sustainability 
considerations. 

 The  carbon footprint   of a primary copper 
smelting process depends on the fuel mix used 
for heating and that used for electricity genera-
tion (Diaz  2010 ). He estimates that the fuel con-
sumption to generate electricity is four times 
higher than the fuel directly consumed in mining, 
smelting, and refi ning and that three quarters of 
the electrical energy is consumed in milling. 
Based on the fuel mix at Chilean smelters, he 
estimates the average CO 2  equivalent emitted by 
Chilean smelters at 0.86. Diaz also notes that by 
contrast China and India where copper smelting 
capacity is rapidly expanding, thermal power 
(over 70 % coal) accounted for over 80 % of the 
electricity generated in 2006–2007. He identifi es 
the following opportunities for reducing the car-
bon footprint at metallurgical processing facili-
ties: (1) greater heat recovery from smelting, 
converting and anode refi ning off-gases; (2) 
greater heat recovery from the acid plant opera-
tion with high strength sulfur dioxide gas feed 

and (3) the implementation continuous anode 
refi ning technology.  

13.3.2     Challenges and Opportunities 
Associated with  Waste Heat 
Recovery   from Copper 
Smelting Processes 

 There are several challenges and opportunities 
associated with recovering sensible heat from 
primary copper smelting off-gases (Safe and 
Russell  2010 ). The challenges presented by met-
allurgical off-gas heat recovery are due to high 
dust loadings, nature of the dust, corrosive gas, 
and thermal cycling in batch processes. The 
opportunities relate to the potential recovery of 
sensible heat that is currently being wasted. The 
authors discuss common heat exchanger technol-
ogies in use such as waste heat boilers and air to 
gas heat exchangers and the potential for utilizing 
heat recovery technologies employed in other 
industrial applications, such as thermal oil heat 
recovery, Organic Rankine Cycle heat recovery, 
and power  g  eneration to recover sensible heat 
from batch processes and lower temperature 
operations. 

 Copper smelting, converting, and anode refi n-
ing produce signifi cant off-gas volumes at high 
temperatures, usually in the range of 1000–
1200 °C. Off-gas heat recovery is therefore an 
important means of reducing energy consump-
tion and reducing operating costs. Smelting fur-
naces smelt copper concentrates to produce 
matte. Typically waste heat boilers are used with 
Outokumpu fl ash smelting furnaces, continuous 
converting furnaces, and Top Submerged Lance 
(TSL) smelting units such as the Ausmelt and 
Isasmelt processes, usually ahead of a hot 
Electrostatic Precipitator (ESP). The boiler 
includes a radiative section that cools the gas to 
about 700° C and a convective section that cools 
the gas below 400° C, which is suitable for entry 
into a hot ESP. The boiler uses the recovered heat 
to produce superheated or saturated steam for 
local power generation or for process uses. The 
Outokumpu fl ash furnace off-gas at 55,000–
60,000 Nm 3 /h contains around 7–9 MW of 
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sensible heat at the ESP outlet and is relatively 
free of dust. The INCO Flash furnace uses techni-
cally pure oxygen and the low off-gas volumes 
do not justify  insta  llation of a waste heat boiler. 
The INCO fl ash furnace off-gas at 25,000 Nm 3 /h 
contains around 3–4 MW. The off-gas is gener-
ally cooled further and cleaned in a wet gas 
cleaning system before it is sent to an acid plant 
for sulfuric acid production. 

  Converters   are used to produce blister copper 
from copper matte. They are either continuous 
converting furnaces like Mitsubishi or Kennecott- 
Outotec fl ash  or  batch like Peirce-Smith or 
Hoboken converters. Modern Peirce-Smith con-
verting departments employ three converters 
with two blowing and a third on standby. Often a 
fourth converter is offl ine undergoing repair or 
rebuild. The process gas exits a blowing con-
verter at or slightly below the converter air blow-
ing rate and at temperatures of 1100–1200° C. This 
is captured by a primary hood, which allows 
100–120 % infi ltration air into the hood, dou-
bling the off-gas fl ow rate. The gas is cooled by 
evaporative or radiative cooling to below 400° C 
before entering a hot ESP. Some copper smelters 
have employed waste heat boilers or gas to air 
heat exchangers with limited success. Like the 
smelting furnace gases, the converter off-gas is 
cooled and cleaned in a wet gas cleaning system 
before being sent to the acid plant. Converter off- 
gas at a blowing rate of 30,000 Nm 3 /h contains 
8–12 MW of  sensi  ble heat at the ESP outlet per 
blowing converter and is relatively free of dust. 

 Flash converting and Mitsubishi converting 
both utilize waste heat boilers to cool the off-gas 
prior to dust removal in an ESP. Flash converting 
utilizes quite high levels of oxygen enrichment 
since the feed is solidifi ed copper matte. This in 
turn yields a very high strength sulfur dioxide 
off-gas. A typical fl ash converting furnace off- 
gas will be 20,000 Nm 3 /h at 35–45 % SO 2 . 

  Anode furnaces   used at copper smelters are 
generally batch operations to fi re refi ne blister 
copper to anode copper, before it is electrorefi ned 
in a refi nery. Most modern anode departments 
have two or three anode furnaces with one or two 
operating at any time. Anode furnace operations 

are batch operations, with each batch requiring 3 
or more hours, consisting of an oxidation stage of 
1 h with a reduction stage of 2–3 h. After com-
pleting a cycle, the furnace may sit for several 
hours in a hot standby mode. Process off-gas 
from an anode furnace is generally less than 
10,000 Nm 3 /h at 1100–1200° C. During the 
reduction stage, the off-gas can contain up to 
25 % combustibles comprising carbon monoxide 
and hydrogen. The gas is captured by a primary 
hood with suffi cient air infi ltration to ensure 
combustion of combustibles. Generally, there is 
signifi cantly additional air infi ltration into the 
primary hood that further dilutes the process gas. 
In the oxidation stage, all of the air infi ltration 
dilutes the process gas entering the primary hood. 
The gas is cooled by evaporative cooling to 
200° C and then routed to a baghouse for particu-
late removal. Despite cooling the gas to below 
200° C for the baghouse, it still contains 3.5 MW 
of sensible heat exiting the baghouse. In some 
smelters, anode furnace off-gas is sent directly to 
concentrate dryers for direct heat recovery and a 
common gas cleaning system. 

 The  oxidation stage   may take a few hours lon-
ger if processing higher sulfur blister copper 
from the Mitsubishi continuous converting pro-
cess. Flash converting produces a lower sulfur 
blister copper and at the Kennecott smelter a 
500 tonne charge of blister copper containing 
0.2 % S can be oxidized, slag skimmed if required 
and reduced using a mixture of natural gas and 
superheated steam in less than 3.5 h. The chemi-
cal effi ciency of the steam-gas refi ning is so high 
that the off-gas does not contain signifi cant 
uncombusted hydrocarbons or hydrogen. In this 
facility, only pure oxygen-fuel burners are used 
which reduces the off-gas volume to the point 
that any heat recovery is uneconomic. 

  Wast  e heat  boilers   have been extensively used 
to recover waste heat from continuous smelting 
and converting processes. However, heat recov-
ery  from   batch processes such as Peirce-Smith 
and Hoboken converters and anode furnaces has 
been largely overlooked. 

 The challenges presented by metallurgical off- 
gas heat recovery are due to high dust loadings, 
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nature of the dust, corrosive gas, and thermal 
cycling in batch processes. Most waste heat 
applications involve dust-laden gas, which can 
lead to fouling and plugging of heat exchanger 
surfaces and pipes. Sticky dust in smelting gases 
is of particular concern. Fouling and plugging 
can result in reduced heat transfer, increased 
pressure loss, and can reduce fume capture effi -
ciency. It can also lead to localized corrosion. 
Heat recovery equipment therefore needs to be 
designed with streamlined gas fl ow to avoid 
dropout or impingement onto heat transfer sur-
faces and rappers or sonic horns need to be incor-
porated to periodically knock off dust from the 
heat exchanger surfaces. At times air is added to 
smelter off-gas to convert sulfi de in the dust to 
sulfates reducing its stickiness. 

  Corrosion   occurs because as the gases cool, 
water and acid condense onto surfaces. Thermal 
cycling, fouling, or poor process control can lead 
to corrosion, which can increase maintenance 
cost and reduce equipment life. In designing heat 
recovery systems, it is important to have a good 
understanding of the water and acid dew points 
of the gas streams over the full range of operating 
conditions and the surface temperature profi le 
throughout the heat recovery equipment. In addi-
tion, effective process control is necessary to 
ensure that gas and surface temperatures are 
maintained above the dew point to prevent con-
densation and attendant corrosion. 

  Thermal cycling      is associated with processes 
that produce variable fl ow rates and temperatures 
and is of particular concern for batch processes. 
The expansion and contraction associated with 
temperature variations can cause metal fatigue, 
cracking, and leakage. Lower temperatures can 
result in condensation and corrosion.  Heat recov-
ery equipment   should be designed to allow for 
expansion and process control implemented to 
minimize the range of thermal cycling and main-
tenance practices instituted to minimize leakage 
and maintain equipment integrity. 

 Batch processes because of variable off-gas 
characteristics present additional challenges 
resulting in inconsistent heat recovery with 
adverse impact on steam or power generation or 

preheated air availability. Usually this can be 
addressed utilizing thermal storage or common 
heat exchangers for multiple batch units such as 
converters. With thermal storage, the heat from 
the off-gas is transferred to a thermal medium 
such as oil. The quantity of stored heat will rise 
 a  nd fall, while a constant stream of heat (less 
than the operating heat recovery rate) would be 
bled from the storage system for production of 
steam, power, or preheating air. The other 
approach is to connect multiple batch units to a 
common heat recovery unit. For example, in a 
four converter operation with two converters 
blowing at any time, each converter operates 
45 % of the time. By installing the heat exchanger 
after the converter off-gas ducts combine, that 
heat  excha  nger can operate with a steady off-gas 
stream from two blowing converters 90 % of the 
time.  Batch processes   provide some advantages 
as well. The reduced operating hours of individ-
ual units and the process fl exibility it  aff  ords 
provide opportunities to optimize performance 
of the unit and time to clean out the unit and 
make necessary repairs. Process availability due 
to the heat exchanger is improved since mainte-
nance on the unit can be performed during nor-
mal downtime for the vessel, while the smelter 
operations continue. 

 Low-grade heat from off-gas temperatures 
ranging from 50 to 300 °C is diffi cult to recover 
economically because of the small temperature 
gradient between the off-gas and the heat transfer 
fl uid. Temperatures are not high enough to boil 
water and raise steam and air preheat is limited 
by the inlet gas temperature. Conventional waste 
heat boilers and air-to-gas heat exchangers are 
not suitable for this application. 

 The direct benefi t of heat recovery is to reduce 
fuel consumption and associated costs. The ability 
to utilize the recovered heat to generate electricity 
presents an opportunity to control power costs, 
especially since electricity costs are expected to 
rise in the future as power plants are modernized to 
meet more stringent emission control regulations. 
Indirect benefi ts include increased production, if it 
is limited by energy availability and reduced 
greenhouse gas emissions.  

13 Sustainability Considerations in Innovative Process Development



270

13.3.3     Opportunities 
for Cogeneration 

 Opportunities for  cogeneration   should be consid-
ered where it makes business sense. For example, 
at the Kennecott copper refi nery in Garfi eld, 
Utah, a natural gas fi red turbine and combined 
cycle cogeneration produces 6.2 MW of electric-
ity, while the waste heat from the combined cycle 
is used to heat the electrolyte at the refi nery. At 
the Kennecott smelter waste heat from the fl ash 
smelting and fl ash converting furnaces is super-
heated and used to power the two main sulfuric 
acid plant blowers (2.5 MW each). The waste 
steam from the backpressure turbines is com-
bined with steam recovered from the Monsanto 
Heat Recovery System (HRS) boilers and used to 
generate about 26 MW of electrical energy. This 
is suffi cient to provide 65 % of the smelter’s total 
electrical demand ((Newman et al.  1998 ) and 
(Newman et al.  1999 ).  

13.3.4     Opportunities for Utilization 
of Renewable Energy 

 Opportunities for  inco  rporation of renewable 
energy such as solar and wind power should also 
be considered as part of process development. 
Such approaches besides dealing with issue of 
energy costs which is a signifi cant business risk 
for an energy-intensive business also enhance the 
sustainability credentials, promotes corporate 
social responsibility, and improves a company’s 
public image. 

 Mining companies have not considered 
renewable energy as a viable alternative to con-
ventional power generation because of its costs 
and because it is not compatible with the demand 
profi le of a mining or metallurgical facility. 
Companies in the industrialized world have 
access to national and regional grids and their 
electricity costs are low because of the large 
loads. Although costs of renewable energy proj-
ects are coming down, projects require tax 
incentives and imposition of renewable energy 
mandates to make them viable. However, there 
are remote mining areas where renewable 

energy is already competitive with power gener-
ated from diesel. 

 A study by Accenture and the U.N. Global 
Compact (Accenture and U.N. Global Compact 
 2012 ) notes:

  “The metals and mining industry is uniquely posi-
tioned to not only drive business value related to 
energy effi ciency and increased use of renewable 
energy, but also increased access to modern energy 
services as companies in this industry can be a 
catalyst for sustainable development in areas with 
little or no existing energy infrastructure. This 
characteristic—the operation of facilities in remote 
areas, provides the opportunity to link access to 
energy with core strategic business value drivers, 
such as risk management by protecting the “license 
to operate” and brand enhancement though com-
munity outreach and collaboration. This opportu-
nity is one of collaboration and partnership as it 
relates to broader development concerns—of 
which access to energy is a primary enabler, and is 
refl ective of metals and  m  ining companies.” 

   The study recommends the following industry 
actions: (1) Partner with local governments and 
utilities to provide energy services to communi-
ties surrounding operational locations; (2) 
improve the energy effi ciency of current opera-
tions; (3) build advanced energy considerations 
into the design and development of new assets 
and operations; (4) diversify the portfolio to 
develop products and generate materials that 
drive energy effi ciency; (5) use waste and process 
outputs as fuel sources; and (5) use more renew-
able energy sources to support operational power 
needs. The business levers are brand enhance-
ment, cost reduction, and risk management and 
the objectives are energy access, energy effi -
ciency, and renewable energy utilization. 

 Mining companies have large land holdings, 
most of which are not utilized. Some of the dis-
turbed lands could be suitable for locating a 
renewable energy project. Asarco at its Mission 
mine in South Tucson has partnered with solar 
developers Clenera LLC, Panasonic Eco 
Solutions, and Coronal Group and the local util-
ity Tucson Electric Power to host a 35-MW util-
ity scale photovoltaic (PV) solar project called 
the Avalon Solar Project that commenced power 
generation in December 2014. A second phase to 
be implemented by year end will increase the 
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solar farm capacity to 56-MW. This  faci  lity is 
located on disturbed agricultural land that Asarco 
acquired for water rights purposes. 

 EPA (EPA  2011 ) has conducted a preliminary 
evaluation of the potential for renewable energy 
development on Asarco reclaimed tailings areas 
in the San Xavier District on Tohono O’dham 
Nation lands. The study found:

  “Amidst this complexity, the ASARCO Mission 
Mine tailings area offers unique and potentially 
innovative opportunity to accommodate and poten-
tially expand a utility-scale solar energy project at 
a single location. The tailings area has existing 
transmission capacity, roads, industrial zoning and 
other critical infrastructure in place for a utility- 
scale PV project. Additionally, installing a solar 
generation plant and associated infrastructure on a 
formerly impaired area can help take development 
pressures off of undeveloped, open land (“green-
fi eld”) areas.” 

   In the future, Asarco would like to evaluate 
installation of PV solar project on reclaimed tail-
ings and waste rock deposition facilities. 

 The primary copper industry operates electro-
winning and electrorefi ning facilities, where the 
copper is plated onto cathodes. These are  signifi -
c  ant electricity consumers requiring direct cur-
rent. It might make sense to evaluate solar and 
wind power to provide part of the electricity 
needs. The electrolyte in copper electrowinning 
and electrorefi ning needs to be heated and solar 
heaters may be considered instead of fossil-fuel 
fi red boilers.   

13.4     Opportunities for  Water 
Conservation   

 Water is becoming an increasingly precious com-
modity. In arid and semiarid areas of the world 
such as the Southwest United States, South 
Africa, Australia, and Chile, where many large 
mining operations are located, water supplies are 
scarce. The ability to secure adequate water sup-
ply can very well determine whether a mining 
project involving large water use can be 
implemented. 

 A paper in the  International Mineral 
Processing Congress (IMPC)   Proceedings 

(Dunne  2010 ) reports on water stewardship ini-
tiatives undertaken by the mining industry over 
the last two decades and provides examples of 
water treatment projects that have been imple-
mented. Although the mining industry uses con-
siderably less water than other sectors such as 
agriculture, mining consumes signifi cant quanti-
ties of water and is in competition with other 
more valued uses such as agriculture, livestock, 
and human consumption. Dunne notes that 
“water rights and availability are extremely con-
tentious issues in mining regions around the 
world,” as are “the amount and quality of water 
that a mine is able to discharge.” He advocates 
“developing a responsible, sustainable and trans-
parent water management strategy that is recog-
nized as such by all stakeholders,” in order to 
build confi dence with the public. 

 The majority of the water used in the  copper 
mining industry   is for benefi ciation, smelting, 
and refi ning operations. Most of the  benefi ciation 
water   is used in the fl otation process, followed by 
leaching of copper ores. It is estimated that water 
consumption by the mining industry is in the 
range of 0.6–1.0 cu.m./ton of ore processed by 
fl otation (Brown  2003 ; Norgate and Lovel  2006 ; 
and Wiertz  2009 ), compared with the consump-
tion for the Leach, Solvent Extraction, and 
Electrowinning route of 0.13 cu.m./ton of ore 
(Wiertz  2009 ) and smelting in the range of 
2–4 cu.m./ton metal (Norgate and Lovel  2006 ). 

 The principal  sources   of water at a mine are 
groundwater and surface water from rivers, lakes, 
and reservoirs and, at some locations even seawa-
ter. Groundwater can have varying salinity and 
pH and can contain heavy metals of natural ori-
gin. Mine dewatering can also result in high 
salinity and metal contamination. Acid mine 
drainage occurs due to the oxidation of sulfi des in 
waste rock and tailings and has very low pH, high 
metal content, and sulfates. Precipitation can 
result in run-on water which is usually directed 
around the mine so that the water is not impacted 
by the mining operation. Run-off water is usually 
impacted by the operation and therefore retained 
at the site to the extent possible, as it can have a 
slightly acidic pH, low metal content, and high 
suspended solids due to erosion. Suspended 
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solids are controlled by settling in sedimentation 
ponds. 

 A  mine site water balance   is an important 
component of a good water management pro-
gram. Water consumption at mines can be 
reduced by incorporating good water manage-
ment practices such as increased recycling of 
process water, reducing water  loss  es by evapora-
tion and seepage. Most conventional tailings 
storage facilities recycle a considerable propor-
tion of the tailings decant water from the tailings 
storage facility. Generally, water treatment of a 
bleed stream is needed only if the water is satu-
rated with gypsum. Advances in thickener tech-
nologies over the last two decades have made it 
possible to produce higher underfl ow densities 
and allowed for the treatment of “diffi cult to 
dewater ores” (Schoenbrunn et al.  2009 ). The 
development of large capacity vacuum and pres-
sure fi lter equipment (Mathewson et al.  2006 ) has 
made it possible to store tailings in the unsatu-
rated state. The fi ltered tailings can be transported 
by conveyor or truck and placed, spread, and 
compacted to form an unsaturated dense and sta-
ble tailings stack. Alternatives to conventional 
tailings management and factors that favor dry 
stack tailings facilities are discussed in the litera-
ture (Davies and Rice  2001 ) (AMEC  2008 ). 

 When  reusing process   water, it is important to 
consider any adverse impacts of organic and inor-
ganic contaminants on the metallurgy of the unit 
operation where the recycled water is used. A 
number of researchers have studied the effects of 
deleterious residual reagents and their decompo-
sition products on the metallurgy of fl otation and 
leaching (Knapp  1973 ; Frossberg and Hallin 
 1989 ; Rao and Finch  1989 ; Klimpil  1996 ; 
Johnson  2003 ; Schumann et al.  2009 ). Mixing of 
waters of different pH in a fl otation circuit can 
lead to precipitation of hydroxides or impact the 
pH control needed for selective fl otation. Because 
recycle water can contain both dissolved and sus-
pended solids it may not be ideally suited for 
water uses such as pump gland sealing, water 
cooling, and water sprays (Cooper et al.  2006 ). 
However, a positive impact is the return of resid-
ual reagents, which lowers reagent costs in addi-

tion to the lower cost of purchased water or 
groundwater  pu  mping. 

 In some instances,  desalination processes   for 
brackish groundwater or seawater may need to be 
implemented to supply or supplement water 
needs of a mineral or metallurgical process. 
Examples include utilization of hyper-saline 
groundwater (Dunne  2010 ) for milling and leach-
ing applications at most western Australian gold 
mines and in nickel and gold fl otation plants in 
the region. The author also references operating 
experience at Batu Hijau Mine in Indonesia, 
where sea water is used 7–8 months of the year 
and a mix of runoff from stockpile, waste, and 
mine dewatering. Based on a number of years of 
operating experience, it was noted that corrosion 
was considerably less with seawater only as com-
pared to the blend and that there were no deleteri-
ous effects on froth fl otation process or copper 
recovery (McCaffrey  2010 ). In Chile, the 
Michilla copper mine has been using seawater 
since the 1990s for copper leaching (Wiertz 
 2009 ). 

 The fi rst big mining company to use seawater 
in Chile was Minera Esperanza, a joint venture 
between Antofagasta Minerals and the Marubeni 
Corporation. The company’s copper mine uses 
untreated seawater, transported through a 
145-km-long pipeline, in all of its processes. 
Seawater currently accounts for 30 % of all of the 
water the mine uses. The National Copper 
Corporation of Chile (CODELCO) will use sea-
water for the fi rst time to exploit the sulfi de 
reserves of the Radomiro Tomic (RT) mine. The 
Radomiro Tomic (RT) Sulphides project will 
extract seawater and desalinate it through reverse 
osmosis, a process that uses pressure to force 
water through a membrane which retains the dis-
solved solids. The treated water will be trans-
ported to the mine’s facilities, located 3000 m 
above sea level, through a pipeline stretching 
160 km. The operation will entail an expenditure 
of $2.60 per cu. m. (  http://www.ipsnews.
net/2013/08/mining-industry-plans-massive-
use-of-seawater-in- arid-northern-chile/    ). 

 In copper smelters, the use of acid plants to 
control sulfur dioxide emissions in sulfi de smelt-
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ing results in the blowdown from the acid plant 
scrubber of weak acid streams containing heavy 
metals. Another source of  wastewater   results 
from cooling water from the acid plant cooling 
tower and from furnace cooling. Wastewaters 
from a copper refi nery include bleed streams 
from the tank house, by-products department, 
and rod line which may need treatment prior to 
recycle or disposal. 

 Opportunities for recycle reuse of  pro  cess 
water are therefore an important consideration 
and are more attractive if they can be done with-
out further treatment. For example, the U.S. pri-
mary copper industry utilizes acidic scrubbing 
solution in the leaching of ores and hydrometal-
lurgical processing of fl ue dusts (Gabb et al. 
 1995 ).  

13.5      Effl uent Management   

 Most mining, mineral, and metallurgical process-
ing operations, at least in the United States are 
designed to have zero or minimal discharge. 
However, where discharge is necessary and per-
mitted, the effl uent must be treated to ever stricter 
discharge limitations promulgated by regulatory 
agencies. In response to the increasing number of 
environmental regulations all over the world in 
the last 30 years, nonferrous smelters and  refi ner-
ies   have implemented treatment processes for 
acidic bleed wastewater streams containing 
heavy metals. Such treatment usually results in a 
gypsum-saturated solution containing salts such 
as alkali metal sulfates, chlorides, and fl uorides. 

 The rising cost of fresh water and the need to 
meet increasing stringent discharge limitation 
regulations has made water recycling and reuse 
essential. The  metallurgical industry   has used 
water as a medium for dissolving and/or rejecting 
metals and chemicals in addition to removing 
heat from processes such as smelting equipment 
and acid plants. Any excess process effl uent is 
collected and sent to end-of-pipeline treatment 
and ultimately discharged to a surface water body 
for discharge under a permit (Ramachandran 
 1997 ). 

 Several alternatives for  treatment of wastewa-
ters   from nonferrous smelters and refi neries 
streams containing high levels of total dissolved 
solids with emphasis on sulfate removal have 
been reviewed in the literature (Ramachandran 
 2012 ). They include: (a) chemical treatment for 
removal of various constituents that make up the 
total dissolved solids, (b) processes for sulfate 
removal—thermal and nonthermal—to recover 
and reuse treated water, and (c) brine use and 
treatment options. 

 The conventional and probably the cheapest 
way of treating acidic metal-bearing process 
effl uent streams is  neutralization of free sulfuric 
acid   with lime, caustic, or soda ash and to pre-
cipitate the heavy metals as metal hydroxides. 
Any arsenic present in the water precipitates as 
calcium arsenite, if lime is used as the neutraliz-
ing agent. Additional heavy metals removal can 
be removed by sulfi de polishing using sodium 
sulfi de to produce a treated effl uent that meets the 
regulatory agency limits, i.e., NPDES limits in 
the United States. Such treatment results in a 
stream containing low dissolved solids. Further, 
the precipitation and sulfi de polishing steps result 
in precipitation of metal hydroxides and sulfi des 
as a residue that has to be managed in accordance 
with solid and hazardous waste regulations, i.e., 
whether they can be legitimately recycled or 
whether they are hazardous or nonhazardous, if 
discarded. See Sect.  13.6 . 

 The dissolved solids that  remain   are normally 
comprised of inorganic salts. The possible con-
stituents are cations, calcium, magnesium, 
sodium, and potassium. The anions are sulfate, 
chloride, fl uoride, nitrate, carbonate, and bicar-
bonate. In addition to these constituents, the 
treated effl uent streams contain very small 
amounts of heavy metals, oxyanions such as 
arsenites, arsenates, selenites, and selenates. 
Process streams from gold operations contain 
residual cyanide. Small amounts of ammonium 
ions could also be present in these streams based 
on the pH of the solution. 

 With increasing stringent effl uent limitations, 
it may be necessary to augment a conventional 
treatment plant with technologies for the removal 
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of specifi c metals (such as Se, Sb, Cd, Pb, Mn, 
and Al), oxyanions, other anions, organics, or 
suspended solids prior to discharge. These tech-
nologies include: Ion Exchange, Reverse 
Osmosis, Electrodialysis Reversal (EDR), 
Nanofi ltration Activated Carbon Adsorption, 
Deep Bed Sand Filtration, Biofi x Beads, and pH 
adjustment. 

 The recovery of treated water as a distillate 
by evaporation results in a brine solution, the 
quantity of which is dependent on the amount of 
soluble salts present in the treated water. This 
is an expensive option because evaporation 
costs are generally high. Mechanical Vapor 
Recompression Evaporator (MVRE) technol-
ogy uses  mechanical vapor recompression   to 
recover water for reuse from brines at a fraction 
of the energy needed in other types of evapora-
tors (Bostjancic and Ludlum 1996). Typical 
energy costs are estimated to be around 
60–100 KWH per 1000 gal, the equivalent of a 
twelve-effect crystallizer (Bostjancic and 
Ludlum  1996 ). In a typical MVRE unit, the nec-
essary driving force is generated by mildly com-
pressing the evolved vapor (steam) to increase 
its temperature and pressure and returning it to 
the steam chest. The evaporator can be adjusted 
to work on a  s  mall temperature difference so 
that the energy used for steam compression can 
be kept low. A distillate with less than 10 mg/L 
total dissolved solids (TDS) and a concentrated 
brine—with concentration up to 250,000 mg/L 
TDS can be obtained. The brine can be dried in 
a pond; crystallized or spray dried and the result-
ing salts sent to a land fi ll. The process is eco-
nomical only when the boiling point rise is less 
than or equal to approximately 5° F.  

13.6        Solid and Hazardous Waste 
Management 

  Metallurgical processing   of many nonferrous 
metals generates large volume, low toxicity 
wastes, such as tailings and slag. Under the 
Resource Conservation and Recovery Act, EPA 
has determined that these wastes are to be regu-
lated as solid wastes. Most mining and benefi cia-

tion wastes associated with the processing of ores 
and a few smelting wastes, such as slags, are 
classifi ed as nonhazardous. As noted in 
Sects.  13.2  and  13.5 , with regard to secondary 
materials destined for recycling or reuse, their 
regulatory status depends on how the materials 
are characterized, i.e., whether they fi t the defi ni-
tion of by-products, sludges or spent material, 
scrap metal, etc., and the manner in which they 
are recycled, i.e., whether they are being 
reclaimed or are being used or reused as ingredi-
ents in an industrial product or as effective sub-
stitutes for commercial products (40 CFR § 
261.2). 

 The difference in the  cost   of solid and hazard-
ous waste management can be signifi cant. In pro-
cess development, there is a need to examine the 
regulatory regime in areas where the process will 
ultimately be implemented. Therefore, means for 
reducing the amount and character of the waste 
can have an important bearing on process eco-
nomics as well as reducing environmental 
impacts. 

 Another approach to waste management is 
 waste utilization  , especially large volume wastes 
such as copper mine tailings (MT) and copper 
smelter slag (SG) as substitutes for naturally 
occurring raw materials. Ahmari, Parameswaran, 
and Zhang (Ahmari et al.  2014 ) have studied 
alkali activation of copper mine tailings and low- 
calcium INCO fl ash furnace slag to produce a 
geopolymer that can substitute for Ordinary 
Portland Cement (OPC). The results show that 
the addition of SG signifi cantly improves the 
Unconfi ned Compressive Strength (UCS) and 
microstructure of the geopolymer. The  i  mprove-
ment is mainly attributed to the high solubility of 
silica in the SG and the fi ne particle size of the 
SG. The inclusion of SG also leads to a decrease 
of the optimum curing temperature (i.e., the tem-
perature at the highest UCS) because of its higher 
reactivity than MT. In addition, the MT/SG-based 
geopolymer sets fast and gains a major portion of 
its ultimate strength within only 7 days. Based on 
the results, it can be concluded that the MT/
SG-based geopolymer is a promising sustainable 
construction material for civil engineering 
applications.  
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13.7     Control of Gaseous 
and Particulate Emissions 

 Control of emissions is of  par  ticular importance 
in the development of pyrometallurgical pro-
cesses. It mainly involves control of particulate 
matter, acid mist, metal fumes, sulfur dioxide, 
nitrogen oxides, and carbon monoxide. In pro-
cess development, it is important to determine the 
emission rates that can be anticipated in a com-
mercial process, so that suitable capture and con-
trol methods can be identifi ed. If the off-the-shelf 
control equipment is not available, collaboration 
with air pollution control vendors might be nec-
essary. A good understanding of the mining plan 
is also important, since sulfur and impurity con-
centrations can fl uctuate from year to year based 
on the ore grade mined. If it is anticipated that 
there will be periods where high sulfur or high 
impurity concentrations will occur, then the gas 
handling systems have to be designed to effec-
tively handle these periods and comply with 
regulations. 

 Although attention to potential emissions is 
needed at all stages of process development, it is 
particularly important at the pilot plant stage. 
Designing the pilot plant to obtain dust emissions 
rates and the characteristics of the dust will help 
in selecting the air pollution control equipment 
and in designing heat recovery equipment. Dry 
dust collection technologies, such as hot ESP, 
enable easier dust collection and recycling. Using 
a hot ESP can also allow segregation of the dust 
to enable recycling of the desirable constituents 
such as copper in the fi rst few fi elds and a bleed 
stream for the impurities such as lead and bis-
muth in the last fi elds. The air pollution control 
systems should be designed to be robust for 
changing operating profi les such as various air 
blowing rates and oxygen enrichment in sulfi de 
smelting. Process development should also con-
sider the potential for utilization of the sensible 
heat in off-gas and where the collected dust can 
be optimally reused. Baghouses generally have 
the highest collection effi ciency but must operate 
at lower temperatures than an ESP. For this rea-
son, ESPs are commonly used for the hot primary 

gases from smelting and converting operations, 
and baghouses are commonly used for dryer and 
anode furnace primary gases as well as fugitive 
and secondary gases from the smelting furnace 
and the converters. 

 In addition to point source  co  ntrols, it is often 
necessary to capture and control fugitive emis-
sions. Most fugitive and secondary emissions 
systems in the primary copper industry now 
employ at least particulate control. This is typi-
cally done using a baghouse. In addition, fugitive 
emissions that are not captured could result in 
worker exposure and this can be dealt with by 
implementing engineering controls or through 
the use of respirators, as discussed in Sect.  13.8 . 
In sulfi de smelting applications, SO 2  controls are 
almost mandatory. This can be done using tradi-
tional dry or wet scrubbing processes or poten-
tially with regenerative processes depending on 
the SO 2  strength and other factors. 

 Computational fl uid dynamics (CFD) model-
ing provides a powerful tool to assist with the 
design of ventilation and fume control systems. It 
is used to predict and evaluate:

•    Performance of ventilation systems  
•   Airfl ow pattern and contaminant migration 

paths  
•   Hood designs and confi guration for the opti-

mum capture of contaminants  
•   Worker heat and contaminant exposure limits  
•   Combustion effi ciency for a given geometry    

 CFD modeling has been applied to analyze the 
off-gas fl ow pattern exiting the mouth of a con-
verter into a water-cooled hood and a drop-out 
box in order to  optim  ize hood design (Safe and 
Stephens  2000 ). 

 System pressure loss modeling is used to size 
and specify fan performance requirement and 
optimize ductwork confi guration, routing and 
damper controls to provide the desired exhaust 
fl ow distribution. 

 Dispersion modeling is used to evaluate the 
impact of emissions from various sources on 
ground level concentrations to ensure that a facil-
ity can comply with ambient air regulations.  
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13.8      Industrial Hygiene 
and Safety 

 As new processes are being  dev  eloped attention 
must be paid to industrial hygiene and safety con-
siderations. Both physical and health hazards 
associated with the new process have to be 
assessed. Process risk assessment must be an 
integral part of management philosophy and 
should involve evaluation of consequences of a 
catastrophic release both from worker safety and 
community perspectives. As noted in Sects. 
 13.1.3.1  and  13.1.4 , the objective is to prevent or 
minimize the on-site and off-site consequences 
of catastrophic release of toxic, reactive fl amma-
ble, or explosive chemicals. 

 The other main concern is the release of toxic 
air contaminants such as inorganic arsenic, lead, 
or cadmium in the workplace. The pilot scale 
testing and commercial demonstration protocol 
should include testing to obtain employee expo-
sure estimates, as well as the feasibility of imple-
menting engineering controls to minimize and 
reduce the exposure. Designing the appropriate 
measurements of exposures is a key to doing epi-
demiology assessments. There must also be con-
sideration given to conducting occupation 
epidemiology on the workforce, especially if 
these constituents are already present in the 
workplace prior to introduction of a new process. 
Employee protection requirements can be met by 
the use of respirators, protective work clothing 
and equipment, or by implementing engineering 
controls. In addition, there are exposure monitor-
ing provisions, medical surveillance, and removal 
provisions that have to be addressed in commer-
cial operations. 

13.9      Case Study: Kennecott- 
Outotec Flash Converting 

  The preceding sections illustrate how environ-
mental, economic, and social considerations need 
to be considered in metallurgical process devel-
opment so that the industry continues to be sus-
tainable. The following case study illustrates how 
some of the considerations being advocated here 

were implemented in the development of the 
Kennecott-Outotec Flash Converting Process 
(David George and Rio Tinto  2015 ). 

  Kennecott-Outotec Flash Converting   is a pro-
cess developed in the 1980s and fi rst applied as 
the basis for the large Rio Tinto Kennecott 
Copper smelter near Garfi eld, Utah. The technol-
ogy has now been adopted by three new 
Greenfi eld copper smelters in China. 

 The process is based on the concept that if 
molten copper–iron–matte (~60–75 % Cu) is 
solidifi ed and then ground and introduced into a 
fl ash smelting type furnace with oxygen, the 
resulting converting reactions will supply the 
heat to sustain the process. Since the fl ash con-
verting process is decoupled from the smelting 
step, there is greater fl exibility than the Mitsubishi 
Process, where the Converting Furnace is closely 
coupled to the smelting furnace. 

 The resulting off-gas from Flash Converting is 
a small volume, around 20,000 Nm 3 /h, and very 
high strength, over 35 % SO 2 . The Kennecott 
smelter, constructed in 1995, incorporated a very 
high level of heat recovery. The two fl ash fur-
naces each have waste heat boilers producing 
6000 KpA saturated steam which is superheated 
and used to power the two main compressors in 
the sulfuric acid plant. The back-pressure tur-
bines are each rated at 2.5 MW. The exhaust 
steam at ~1000 KpA is sent to a steam super-
heater in the sulfuric acid plant along with the 
waste heat steam recovered from the third Pass 
converter outlet gas and from the two Heat 
Recovery System (HRS). The HRS is a Monsanto 
Enviro-Chem process that recovers 1000 KpA 
steam from the acid absorption circuit. The com-
bined superheated steam from the acid plant is 
sent to a 33 MW condensing steam turbine pow-
ering an electric generator. In normal operation, 
the electrical power generated from waste heat 
and some limited natural gas fi red superheaters 
and auxiliary boilers provide 65 % of the smelt-
ers’ electrical requirement, about 26 MW. 

 The development of fl ash converting followed 
a traditional route with initial pilot scale testing 
to confi rm the concept followed by contract test-
ing at the Outotec Pori Pilot plant and develop-
ment laboratory in Finland. While the concept of 
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making blister copper directly from very high 
grade (or low iron) concentrate was being devel-
oped at the same time as fl ash converting, there 
were some special considerations necessary for 
fl ash converting. Since one of the key steps in 
fl ash converting is the granulation of copper 
matte, full-scale tests were carried out at the 
 Outotec Harjavalta copper smelter   in Finland 
using their nickel matte granulator. Grinding the 
matte to a size suitable for feeding the pilot scale 
fl ash converting furnace was done using pilot 
laboratory equipment. 

 The actual pilot testing was done at a 1 t/h 
scale with some limited testing at 2–4 t/h. Since 
this pilot furnace had been used many times to 
test copper and nickel concentrate smelting, the 
scale up from test results to commercial scale fur-
nace design had already been proven over several 
decades. 

 The design of the Kennecott smelter also 
includes special provisions to manage impurities 
such as bismuth, arsenic, lead, and cadmium. A 
hydrometallurgical treatment plant was con-
ceived and progressed through laboratory testing 
to fi nal design in 18 months. This plant also treats 
the various bleed streams from the copper refi n-
ery. The process is based on sequential separation 
and precipitation of bismuth to a waste, copper to 
a copper sulfi de, and arsenic and cadmium to a 
combined As/Cd cake for ultimate management. 

 The  Kennecott smelter   is also unique because 
it integrates the impurity management at the cop-
per refi nery into the smelter waste treatment cir-
cuit. At the Refi nery the Precious Metals Refi nery 
(PMR), which recovers gold, silver, selenium, 
and other minor metals from the tankhouse 
slimes, was designed to control the recycle of bis-
muth and arsenic and provide an outlet for the 
lead. This is accomplished through a novel 
hydrometallurgical PMR circuit developed espe-
cially for Kennecott (Hoffman et al.  1995 ). The 
Hoffmann process is based on a hydrochloric 
acid and hydrogen peroxide leach of the decop-
perized slimes to dissolve gold and other ele-
ments. The gold is recovered using a solvent 
extraction technique and di-butyl carbitol as the 
extractant. The gold is directly precipitated from 
the loaded organic using an organic acid or salt 

such as oxalic acid or formic acid. The plant pro-
duces selenium and lead carbonate, both of which 
are sold for further processing.   

13.10     Checklist s  

 Presented below is a checklist for determining if 
environmental and sustainable development con-
siderations have been addressed: 

13.10.1     Conceptual Stag e  

 Preliminary identifi cation of whether the process 
is likely to be a signifi cant water, energy con-
sumer, based on the basic chemistry, theoretical 
considerations, and a conceptual fl ow sheet. At 
this stage there may be not be enough informa-
tion to do a cost analysis.  

13.10.2     Bench-Scale Testin g  

  Bench-scale tests   should be planned to verify 
proof of concept. The objective is also to develop 
a fl ow sheet for pilot scale tests. Consideration 
should be given to whether process has the poten-
tial to generate gaseous and particulate emis-
sions, effl uents, and process residues and that 
they may have to be properly disposed. With 
regard to gaseous and particulate emissions, it 
will be increasingly important to consider GHG 
emissions and how they will be controlled as cli-
mate change regulations mature. Consideration 
should also be given to see if the residues can be 
utilized benefi cially. At this stage preliminary 
economics of the process should be done.  

13.10.3      Pilot Plant Testing   

  The  objective of this testing is to prove the pro-
cess on a scale that is larger than bench scale. 
Bench-scale testing will identify potential envi-
ronmental impacts; pilot design and testing should 
attempt to obtain better estimates of emission 
rates, effl uent volumes, and residues generated. It 
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should also be possible to make preliminary esti-
mates of employee exposure to toxic air contami-
nants. Consideration should also be given to 
process control with a view to process optimiza-
tion. Conversations should be initiated with envi-
ronmental control vendors so that the necessary 
information for designing control equipment is 
obtained during pilot plant testing. The process 
economic information is further refi ned.  

13.10.4      Commercial Demonstration   

  The  objective of this stage is to verify the scalabil-
ity of the process including the environmental 
control equipment, engineering controls for mini-
mizing employee exposure to toxic air contami-
nants, and obtaining all other information that 
would be used to engineer a commercial opera-
tion. At this stage there should be a better handle 
on utility consumption. Process control and opti-
mization is also important. Potential for water, 
energy, and resource conservation should be eval-
uated. Enough information is available from a 
technical and economic standpoint to determine 
the technical and economic feasibility for com-
mercial operation. Up to this stage the focus has 
been on environmental, industrial hygiene, and 
safety and economic considerations. The commu-
nity interaction thus far involves keeping the com-
munity briefed on community activities including 
new process development. It is essential that the 
community be  k  ept informed on progress with 
respect to the various stages of process develop-
ment and to consider any concerns that are raised.  

13.10.5     Commercial Operation 

  During  the planning process, prior to  commercial 
operations  , it is important to have the community 
thoroughly apprised of the new process that is to 
be implemented; its benefi ts; the environmental 
impacts; and how they are being avoided, miti-
gated, and/or managed. Due considerations need 
to be given to adequately address community 
concerns.  

13.10.6      Impact on Upstream 
Operations 

  A  new process may involve certain unit opera-
tions in a stage of the primary metal production 
process. Upstream impacts of a pyrometallurgi-
cal process on benefi ciation, mining, and explo-
ration need to be evaluated to determine if any 
operational changes are warranted. For example, 
a new continuous copper smelting process pro-
ducing blister with higher impurity levels may 
impact where concentrates for the smelter are 
sourced.  

13.10.7      Impact on Downstream 
Operations 

  Similarly , the impacts of downstream operations 
need to be evaluated. Again, the objective here is 
to see if downstream process changes are needed. 
For example, a new continuous copper smelting 
process might produce blister with higher impu-
rity levels that might require modifi cation to fi re 
refi ning and/or electrorefi ning steps.  

13.10.8     Us e  

 The impact of the product in use is generally 
known because it is being produced to required 
specifi cation, unless a new metal or metallic 
compound is being produced. Usually literature 
sources including Occupational and Safety 
Administration (OSHA) Material Safety Data 
Sheets (soon to become Safety Data Sheets 
(SDS) to comply with OSHA Globally 
Harmonized System) are available for this 
purpose.  

13.10.9     Ultimate  Disposal   

  These  considerations are needed only if a new 
metal or metallic compound is being produced. 
Again MSDS and SDS are a useful source for 
this information.      
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         As the main theme of this book is to discuss the 
different aspects of developing innovative pro-
cesses for the metallurgical industry, the objec-
tive of this chapter is to outline the steps that are 
typically required to commercialize an innova-
tive process. This covers from the conceptual 
testing and study of a process through the detailed 
design, procurement, construction, and commis-
sioning and start-up of the facilities to postcom-
missioning. The total life span of the 
commercialization development is discussed 
in this chapter. 

 The main challenge with the implementation 
of an innovative process is that there is no similar 
fl owsheet in operation to use as a benchmark, so 
it makes it much more diffi cult to convince fi nan-
cial organizations to invest in the project. This 
will typically mean that the different phases of 

fl owsheet development will require additional 
work which can extend the duration of the project 
as well as adding to the cost. Consequently, par-
ticular attention will be paid in this chapter to 
some of the differences that may be necessary for 
the commercialization of an innovative process 
compared to the normal steps that are required to 
execute a project that utilizes a well-established 
technology. Consideration will also be given to 
using innovative processes for all the phases of 
the project not just to the process. 

14.1     Process Development 

14.1.1      Flowsheet Development   

 A fl owsheet is like a roadmap for a  process  . Just 
like a roadmap shows how to go from point A to 
point B, the fl owsheet shows how to make a prod-
uct B starting from a raw material A. The fl ow-
sheet development involves the testing of the 
process at the bench scale, pilot scale, and dem-
onstration plant levels. A fl owsheet should be 
economically viable and meet environmental 
regulations. A fl owsheet needs to be robust and 
forgiving. A fl owsheet should also provide a 
competitive advantage in the knowledge econ-
omy of the twenty-fi rst century. Additional  fac-
tors   that make the fl owsheet viable are: (a) ore 
grade and (b) relative—possibly high—price of 
the fi nal product. 
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 The need for a new fl owsheet can arise due 
to many reasons. A new fl owsheet may be 
required if the type of ore changes. As  nonre-
fractory gold ores   are exhausted, the need to 
extract gold from refractory and double refrac-
tory ores has arisen. Gold producing companies 
are responding to the challenge by developing 
new fl owsheets for processing refractory and 
double refractory ores. A new fl owsheet may 
also be necessitated to comply with stricter 
environmental regulations. A new fl owsheet for 
production of zinc using pressure hydrometal-
lurgy was developed to avoid the emission of 
sulfur dioxide resulting from the roasting of 
zinc. A new fl owsheet may become feasible 
with advances in materials of construction. The 
development of polymeric materials has led to 
the development of fl owsheets with aggressive 
lixiviants such as chlorides. 

 Development of a fl owsheet starts with identi-
fi cation of raw material(s) and potential 
product(s) and by-product(s).    The fi rst step in the 
development of fl owsheet is to consider various 
process options and prepare a conceptual fl ow-
sheet. The conceptual fl owsheet is then tested at 
bench scale for feasibility of the concept. 

14.1.1.1     Initial Conceptualization 
 The  development of   an innovative process is typi-
cally initiated by one or more of the following 
reasons:

•    The feed material is very complex and none of 
the existing processes can give good results  

•   Process simplifi cation  
•   Cost and environmental constraints limit the 

use of the existing processes  
•   The grade of the feed material is too low to be 

economical to treat with the existing 
processes  

•   Markets for products change necessitating 
major changes to a process, for example, the 
tolerance for specifi c impurity levels  

•   Location of a project imposes severe logistical 
problems on the supply of reagents or the dis-
posal of waste products  

•   The successful application of a process used 
in one area triggers the possibility for apply-

ing it to another area with potentially benefi -
cial effects    

 When the need for the development of an 
innovative process arises, the fi rst activity for 
fl owsheet development is to carry out a  prelimi-
nary desktop investigation   to identify potential 
process options. This will typically include the 
consideration of:

•    Mineralogical characterization of the feed 
material  

•   Physical, chemical, or thermal separation 
techniques  

•   For physical separation techniques, evaluate 
the whole range of physical characteristics 
including: 
 –     Appearance (for optical separation)  
 –   Friability (for separation by screening)  
 –   Particle size  
 –   Specifi c gravity  
 –   X-ray fl uorescence  
 –   Magnetic  
 –   Flotation     

•   For chemical separation techniques, evaluate 
the use  of   
 –     Acid or base treatment and, for each, a 

range of different chemicals  
 –   Temperature and pressure  
 –   Ion exchange for upgrading and refi ning  
 –   Precipitation and electrolysis for fi nal 

product generation     
•   For thermal separation techniques, evaluate 

the use of:    
 –     Roasting  
 –   Smelting       

 The evaluation of different process options 
will typically include a database search for exist-
ing operations of a similar nature, but for differ-
ent  products  . 

 Once a number of potential process options 
are identifi ed, then testing of the processes is 
required to establish which of them offers the 
potential to be viable. This is typically carried out 
at progressively greater levels of detail as the 
number of options gets reduced. This test work 
performed at the bench scale, pilot, and 
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 demonstration plant levels is outlined briefl y 
below and was addressed in greater detail in 
Chap.   10    . A key to successful fl owsheet develop-
ment is to ensure that the feed materials tested are 
representative of what will be processed in the 
commercial process. 

 It is very important for the successful develop-
ment of an innovative process that the following 
people or organizations be involved in the execu-
tion of the  phases   of the process development 
work:

•    The initial developers of the innovative pro-
cess to ensure that the developments stay true 
to the initial concepts  

•   Experienced testing organizations are retained 
to carry out the different phases of the test 
work  

•   Experienced engineering companies are used 
to execute the different study phases with 
team members who have worked on similar 
developments.    

 Regular contact between these organizations 
should be maintained throughout the project.  

14.1.1.2      Bench-Scale Test Work   
 Bench-scale test work is the initial phase of fl ow-
sheet  testing   and the primary objective is to 
obtain a good understanding of the process chem-
istry involved and to investigate the operating 
parameters for the process. This phase applies to 
the development of both existing and new inno-
vative processes. However, for existing pro-
cesses, there is a historical background that 
provides a good starting basis for selecting the 
 optimal operating conditions  , whereas, for inno-
vative processes, it is necessary to start at a more 
preliminary stage thereby increasing the amount 
of work required. 

 The size of the equipment that is used is small 
and, consequently, only limited quantities of sam-
ple are typically required for the test work pro-
gram. Where an ore is being tested, this quantity 
of sample can usually be obtained by drilling. An 
advantage  of   this scale of testing is that a large 
number of tests can be carried out quite readily to 
investigate a wide range of operating parameters 

for a modest cost. An objective of the bench-scale 
test work is to reduce the number of process 
options that need to be taken forward for further 
evaluation at the pilot plant scale. The test work is 
typically performed by testing organizations that 
are well established with the required equipment, 
analytical facilities, and personnel. There are a 
number of these organizations located in strategi-
cally important locations around the world. 

    Scoping Study   
 First step in the bench-scale test work is to carry 
out a scoping study. During scoping study, key 
steps of the conceptual fl owsheet are tested using 
selected process parameters. Let’s suppose that a 
hydrometallurgical conceptual fl owsheet involves 
crushing, grinding, acid leaching, solvent extrac-
tion, and precipitation. A scoping study for this 
case will fi rst include carrying out a limited num-
ber of bench-scale tests at certain grind sizes and 
acid concentrations. Results will then be ana-
lyzed to calculate the recoveries of elements of 
interest. If the recoveries are poor, then a decision 
has to be made whether a new conceptual fl ow-
sheet is required or a few more tests are to be 
conducted by varying process parameters further. 
If the recoveries are acceptable, a few more tests 
may be conducted by varying process parameters 
to improve the recoveries of elements of interest. 
The results are then analyzed again and a set of 
process parameters will be chosen that has given 
the best recoveries. A fi xed number of leaching 
tests are then conducted using the selected pro-
cess parameters to generate enough pregnant 
leach liquor to be used for solution purifi cation 
such as solvent extraction or ion exchange. Now 
a limited number of solvent extraction tests will 
be conducted at different contact times and 
organic/aqueous ratios. Results will then be ana-
lyzed to calculate the recoveries of elements of 
interest. If the recoveries are acceptable, a limited 
number of precipitation tests will then be con-
ducted at different precipitation temperatures. At 
the end of scoping tests, it will either be decided 
that conceptual fl owsheet is not feasible or a pre-
liminary fl owsheet will be constructed, which 
will be further defi ned during detailed  bench- 
scale test work  .  
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   Detailed Bench-Scale Test Work 
 During detailed bench-scale test work, extensive 
testing is conducted to investigate the effect of 
process variables and optimize the process. The 
key objective of the detailed bench-scale test 
work is the optimization of the process. To 
achieve this goal, fi rst a systematic investigation 
of all process variables is conducted. Recoveries 
of elements of interest are plotted against each 
variable. During the next step, a number of tests 
are conducted at selected combinations of pro-
cess  variables  , which are expected to optimize 
the process. The results are analyzed, correla-
tions are made between process variables, and 
another set of tests is conducted. This process is 
iterated till the whole process fl owsheet has been 
optimized. 

 The bench-scale tests are typically carried out 
on a batch basis. The problem with batch testing is 
that it does not investigate the impact of recycle 
streams. One way that is used to overcome this 
problem is to use  locked-cycle testing   in which a 
series of batch tests are performed and some of the 
materials from the early tests are used as recycles 
and added to the feed materials for the later tests. 
The results of the fi nal tests of the program are 
taken as being a realistic representation of what 
will be achieved with a continuous operation. This 
approach is typically used for mineral processing 
fl owsheets without chemical reactions. 

 For  hydrometallurgical operations  , a different 
approach is required as any recycle streams from 
the latter part of the fl owsheet will frequently con-
sist of solid and liquid phases, which can have a 
profound impact on the operation of the front part 
of the fl owsheet. So a small-scale continuous cir-
cuit can be set up for part of the circuit with the 
necessary streams recycled as required. It is par-
ticularly useful to start developing a computer 
model of the process at this stage and to progres-
sively incorporate the results of the test work into 
the model. The model can also be used to investi-
gate some different possible fl owsheet options and 
to provide direction to the test work program. 

  Pyrometallurgical processes are   frequently 
developed by organizations with the intention of 
licensing the technology to interested parties or 
that intend to use the technology for their own 

purposes. These organizations frequently have 
their own testing facilities for the development of 
the processes. There are also some testing organi-
zations that are well established for performing 
pyrometallurgical bench-scale testing and have a 
range of different equipment types available. 
These processes are more diffi cult to test on a 
small scale as they involve the handling of hot 
materials, both molten and solid, and hot off- 
gases frequently containing hazardous com-
pounds. The size of the equipment used for 
bench-scale testing of a pyrometallurgical pro-
cessing will typically be larger than that used for 
mineral processing and hydrometallurgical 
processes. 

 At the end of detailed bench-scale test work, a 
detailed process fl owsheet is constructed, which 
is tested under continuous operation at a much 
larger scale than bench-scale test work during 
pilot scale test work.   

14.1.1.3      Pilot Plant Test Work   
 Pilot scale test work is conducted to confi rm the 
fl owsheet developed during detailed bench-scale 
testing. Data generated during the pilot run is 
used to make a  process fl ow diagram   and carry 
out detailed mass, energy, and water balances, 
which form the basis for estimating capital and 
operating costs and developing plant design crite-
ria. Pilot scale test work also generates samples 
for product evaluation and testing for compliance 
to  environmental regulations  . 

 The objective of this phase is to set up a small 
circuit to represent the process fl owsheet and to 
operate the plant continuously in order to validate 
the optimum operating parameters that were 
established from the bench-scale test work and to 
evaluate recirculating loads.    There is no standard 
size for a pilot plant, but, obviously, the larger the 
plant, the larger the quantity of sample required 
for the test work program. If an ore is being 
tested, then obtaining a sample may require some 
means other than drilling if the sample required is 
large as the cost of drilling is quite high. Pilot 
plants are usually carried out at the facilities of 
established metallurgical testing organizations as 
they have a large inventory of small process 
equipment items that can be installed to form a 
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representative circuit. Also, the organizations 
have the required analytical facilities and the 
operating staffi ng that are required for a continu-
ous pilot plant operation working 24 h/day. 

 If a relatively simple mineral processing fl ow-
sheet is to be tested, then there is a growing trend 
to use a mini-pilot plant which requires much less 
sample. These circuits enable the impact of recy-
cles to be demonstrated with greater confi dence 
than with  locked-cycle tests  . However, when the 
mineral processing fl owsheet is more compli-
cated, and, particularly if there are numerous 
stages with successive stages treating concen-
trated streams from earlier stages, then a larger 
pilot plant is required to ensure that there is suf-
fi cient material generated for testing the later 
stages. In some cases, where the sample quantity 
produced from the later stages is very small, it 
may be necessary to collect the material and cam-
paign it through a small continuous circuit or 
even perform the fi nal tests on a batch  basis  . Not 
only is it important that the feed samples are rep-
resentative of what the commercial plant will 
treat, but that the process water which will be 
used is also representative and used during the 
test program. 

 For a  hydrometallurgical process  , it is essen-
tial that a continuous pilot plant be operated so 
that the impact of recycle streams can be properly 
evaluated. The same comments that were made 
under the discussion on mineral processing pilot 
plants about the representativeness of the feed 
and water samples used for the test work are 
equally relevant for a hydrometallurgical pro-
cess. Depending on the reagents that are used in 
the process, the materials of construction for the 
equipment in the circuit can be quite challenging. 
It is important that the process model continues 
to be developed in parallel with the pilot plant 
campaign. 

  Solid–liquid separation   is typically a very 
important part of both mineral processing and 
hydrometallurgical processes and so it is essen-
tial that settling and fi ltration test work be carried 
out on samples from the pilot plant. The samples 
should be fresh to obtain the most realistic results, 
so it is usual that the solid–liquid separation tests 
are performed at the facility where the pilot plant 

campaign is being carried out. The solid–liquid 
separation test work is typically performed by 
vendors of this type of equipment or by organiza-
tions that specialize in this type of test work. 

 Running a pilot plant is a very important step 
toward reducing the risk of any unforeseen com-
plication in operating the actual plant. It provides 
an opportunity to minimize technical, opera-
tional, and fi nancial risks. Pilot plant can be run 
with a variety of feed stocks and under different 
operating conditions to check the robustness of 
the fl owsheet. During pilot scale test work, fl ow-
sheet can be fi ne-tuned depending on test results. 
Pilot plant can also be used for training the 
employees for the full-scale production  plant  . 

 For innovative  pyrometallurgical processes  , it is 
typically necessary to perform pilot plant testing so 
that the process can be tested on a continuous basis 
where required. The comments made about the 
bench-scale testing of pyrometallurgical processes 
also apply to the pilot plant phase. The number of 
organizations that have equipment available for 
piloting of pyrometallurgical processes is more 
limited than for bench-scale testing. 

 After the pilot scale test work is completed, the 
next step could be either the construction of a full-
scale production plant or a demonstration plant.  

14.1.1.4      Demonstration Plant   
 The need for a demonstration plant is often 
required for an  innovative process   and this may 
cover not only the verifi cation of the metallurgical 
characteristics but also the equipment required 
including materials of construction, special 
designs, etc. Once again, there is no standard size 
for a demonstration plant. Some of the factors that 
infl uence the  capacity and degree of complexity   
of the demonstration plant are as follows:

•    Concerns regarding the scaling up of the pro-
cess from the pilot plant to the commercial 
plant capacity  

•   Size required to satisfy the requirements of 
fi nancing organizations  

•   Ability to produce suffi cient product to supply 
samples to potential users  

•   Concerns with the process consistently pro-
ducing a product of satisfactory quality    
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 Because of the larger size of equipment used 
in a demonstration plant, it is normally necessary 
to install a purpose-built  facility   so this will 
require the design of the plant and purchase of 
the equipment and related materials. The quantity 
of feed material required for the running of a 
demonstration plant is quite large and also the 
amount of waste materials is large too, so these 
two factors impose constraints on where the dem-
onstration plant can be located. The preferred 
situation is to install it at an existing operating 
facility to take advantage of the waste disposal, 
assaying, and maintenance facilities. However, if 
the innovative process is for a green fi eld site, 
then the use of an existing operation may not be 
possible and so another option has to be consid-
ered. Some of the organizations that provide test-
ing facilities for bench- and pilot-plant scale can 
also be used for the assembly of a demonstration 
plant and there have been quite a few examples of 
this. If the proposed scale of the demonstration 
plant is too large, then it may be necessary to 
establish a complete operation including the 
plant as well as waste disposal, utilities produc-
tion, maintenance, analytical facilities, and 
administration facilities. The latter option obvi-
ously would be quite expensive. 

 A demonstration plant is not typically needed 
for validation of a mineral processing fl owsheet 
as it can be satisfactorily tested at the pilot plant 
scale and there are fewer concerns with scaling 
up the process to a commercial size. For pyro-
metallurgical processing, the cost of such a facil-
ity would be very high. 

 If the innovative process includes the use of 
key proprietary equipment, then it is vital that the 
supplier of this equipment is involved with the 
demonstration plant design and operation to 
ensure that the knowledge gained is incorporated 
into the  commercial plant equipment design     .   

14.1.2      Technical Evaluation   

 This phase covers the technical evaluation of the 
process from the  metallurgical and engineering 
perspectives   and is carried out in parallel with or 
preferably subsequent to the execution of the test 

work. There are three basic levels of studies that 
are typically executed to evaluate a process:

•    Conceptual or scoping study  
•   Prefeasibility study  
•   Defi nitive feasibility study    

 The level of detail of the evaluation increases 
as the test  work   progresses from the bench scale 
through to the pilot and demonstration levels. At 
the conceptual/scoping level, it is common that a 
wide range of technical options be considered for 
the process and then the range is narrowed at the 
end of the study. The prefeasibility study will 
typically evaluate the narrowed range of options 
and select one option to take forward to a more 
detailed evaluation at the defi nitive feasibility 
study level. An important aspect of the technical 
evaluation of innovative processes can be the 
practice of benchmarking the use of similar pro-
cesses or parts of processes that have been applied 
for other duties. The continuity of key personnel, 
particularly process engineers and metallurgists, 
through all the different study phases of the 
development of an innovative process is crucial 
to ensure the successful development of the pro-
cess and this includes the participation of the ini-
tial developers of the process. 

 As part of the evaluation, capital and operat-
ing cost estimates for the process facility are 
developed and the level of accuracy of these esti-
mates increases with the increased level of detail 
of the technical evaluation. The capital and oper-
ating cost estimates for the Defi nitive Feasibility 
Study are typically used as a basis for making a 
go/no go decision on whether to proceed with the 
design, procurement, and construction of the 
industrial plant. 

 The following sections outline the typical 
steps that are involved in performing the different 
level of studies. 

14.1.2.1      Conceptual/Scoping Study   
 This is the initial level of study for the develop-
ment of an innovative  process  . This is a very vital 
stage as it is the fi rst time that the innovative pro-
cess is actually realized as a preliminary design 
and, also, the fi rst idea is obtained of the capital 
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and operating costs, so that an initial understand-
ing of the fi nancial viability of the process can be 
achieved. The level of detail of the preliminary 
design and cost estimates is low, so the cost for 
this is very modest, which allows a number of 
variations to the process to be evaluated quite 
economically. In developing an innovative  pro-
cess  , it is quite possible that the fi ndings of this 
study might result in some signifi cant changes 
being made to the process in order to improve the 
project economics or to overcome some technical 
problems that have been identifi ed, thus requiring 
further evaluation work at this level. The duration 
of this level of study is typically up to 3 months 
depending on the complexity of the process. 

 The work will typically be carried out by pro-
cess engineers or metallurgists with some assis-
tance in developing cost estimates from 
estimating specialists and with only limited input 
from other engineering disciplines. 

 The objective is to develop  documentation   for 
each of the options considered for the process 
which typically includes:

•    Process block diagram  
•   Preliminary process design criteria  
•   Preliminary process model/mass balance  
•   Preliminary equipment list of major items  
•   Conceptual plant layouts  
•   Capital cost estimate  
•   Operating cost estimate  
•   Simplifi ed process description  
•   Relative ranking of options including prelimi-

nary assessment of health, safety, and environ-
mental aspects    

 The process block diagram and preliminary 
process design criteria are typically based on the 
results of the  bench-scale testing  . The prelimi-
nary process model is established to develop 
mass and energy balances so that these can be 
used to generate a preliminary equipment list 
showing major items. The conceptual plant lay-
out is produced to give a general understanding 
of the arrangement and size of the facility. 

 Preliminary capital cost estimates are devel-
oped for each of the process options under con-
sideration. A capital cost estimate for this level of 

study is considered a factored estimate and is 
developed primarily from a mechanical equip-
ment cost estimate that is based on the prelimi-
nary equipment list and historical information for 
similar facilities. The estimate is typically pro-
duced by developing estimated costs for each of 
the mechanical items in the equipment list from a 
combination of ballpark vendor prices and in- 
house information. Then  factors   are applied to 
the mechanical equipment cost to estimate the 
cost for other items such as civil works and struc-
tures, piping, electrical, and instrumentation to 
produce an estimate for the direct costs for the 
project. Additional factors are applied to cover 
indirect costs including indirect construction 
costs, engineering/procurement/construction 
management costs. Then an overall contingency 
is applied to the estimate to allow for the prelimi-
nary level of detail used in the study and is quite 
high for this level of estimate. The factors used to 
develop the estimate are based on historical 
information for similar facilities. 

 Preliminary operating cost estimates are also 
developed for each of the process options under 
consideration. An operating cost estimate covers 
the costs for labor, reagents and consumables, 
electrical power, maintenance materials, contrac-
tor services, and administration. At this level of 
study, the estimate is developed using informa-
tion from the mass balance, capital cost estimate, 
and other historical information. The capital and 
operating cost estimates for this level of study 
typically have an accuracy of ±50 %. 

 The above information is then evaluated to 
develop a relative ranking of the most viable 
options. This  evaluation   would also include a 
preliminary assessment of the technical, health 
and safety, environmental, and other risks of each 
option. The selected options will then be tested 
more thoroughly at the bench scale in preparation 
for the prefeasibility study.  

14.1.2.2      Prefeasibility Study   
 This is the second level of study for the develop-
ment of an innovative  process  . The level of detail 
is higher for this study level than the conceptual/
scoping study; so the cost for this work is higher 
but is still quite modest and again allows some 
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variations to the process to be investigated quite 
economically. The details of the process are 
fi rmer during this phase and the confi dence in the 
capital and operating estimates increases. The 
duration of this level of study is typically up to 6 
months, depending on the complexity of the pro-
cess. This is a very crucial phase for the develop-
ment of an innovative process as, at the end of it, 
an option will be selected which will be the basis 
for the defi nitive feasibility study after which the 
decision will be taken on whether to proceed with 
the process or not. 

 The work will typically be carried out by pro-
cess engineers or metallurgists with some input 
from other engineering disciplines and with the 
capital cost estimates developed by estimating 
specialists. 

 The objective is to develop  documentation   for 
each of the options considered for the process 
which typically includes:

•    Preliminary process fl owsheets  
•   Expanded process design criteria  
•   Elaborated process model/mass balance  
•   Elaborated equipment list of mechanical items  
•   Overall plot plan and preliminary plant gen-

eral arrangements for each plant area  
•   Simplifi ed electrical single-line diagrams and 

preliminary electrical load list  
•   Capital cost estimate  
•   Operating cost estimate  
•   Preliminary project schedule  
•   Simplifi ed process description  
•   Financial analysis  
•   Relative ranking of options including prelimi-

nary assessment of health, safety, and environ-
mental  aspects      

 All of these documents are developed to a 
greater level of detail than for the conceptual/
scoping study. 

 Process fl owsheets and expanded process 
design criteria are developed for each of the pro-
cess options with the former showing the 
mechanical equipment and the latter including 
sizing criteria for all of the plant areas and the 
individual items of equipment based on the 
results of the more thorough bench-scale testing. 
The  preliminary process model   is expanded to 

include all the unit operations of the process and 
to include a more detailed understanding of the 
reaction chemistry involved. The model gener-
ates mass and energy balances so that these can 
be used to develop a more complete equipment 
list showing all the mechanical items and the rel-
evant equipment sizes, materials of construction, 
and electrical motor sizes, where required. 

 An overall plot plant is developed to demon-
strate the relative location of the different areas of 
the plant, the size of the facility, and also the 
related facilities such as the tailings storage facil-
ity, and then preliminary plant general arrange-
ments, typically just plans, are produced for each 
area of the plant. 

 Preliminary  electrical single-line diagrams   are 
developed for the plant based on the mechanical 
equipment list and the motor sizes shown for the 
different items. A preliminary electrical load 
study is then developed based on this 
information. 

 Preliminary capital cost  estimates   are devel-
oped for each of the process options under con-
sideration. A capital cost estimate for this level of 
study is also considered a factored estimate 
developed primarily from a mechanical equip-
ment cost estimate that is based on the prelimi-
nary equipment list. The estimate is typically 
produced by developing estimated costs for each 
of the mechanical items in the equipment list by 
obtaining order-of-magnitude vendor prices for 
all major equipment with in-house information 
used for smaller items. The estimate for the major 
electrical items is produced from the electrical 
load study and then factors are applied for the 
other electrical costs. The costs for other items 
such as civil works and structures, piping, and 
instrumentation are developed by applying fac-
tors to the mechanical equipment cost to estimate 
the complete direct costs for the project. As an 
alternate, structural costs are estimated using cost 
per square foot based on takeoffs from the plan 
drawing. Civil costs can also be estimated based 
on takeoffs from the drawings; in this case, a cost 
per cubic yard is assumed. Then further factors 
are applied to cover indirect costs including indi-
rect construction costs, engineering/procure-
ment/construction management costs. The 
overall contingency that is applied to the estimate 
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for this level of study is lower than for a concep-
tual/scoping study due to the higher level of 
detail used in the study. The factors used to 
develop the estimate are also based on historical 
information for similar facilities. 

 Preliminary operating cost estimates  are   also 
developed for each of the process options under 
consideration. An operating cost estimate covers 
the costs for labor, reagents and consumables, 
electrical power, maintenance materials, contrac-
tor services, and administration. At this level of 
study, the cost for labor is developed by produc-
ing a preliminary manpower list for the manage-
ment, supervision, operation, and maintenance of 
the facility and applying costs for these different 
positions based on typical levels of reimburse-
ment for the region in which the plant is installed. 
The costs for reagents and consumables are 
developed by producing a list of all the different 
items, estimating the individual consumptions 
using information from the mass balance and in- 
house data, and then applying costs for each item 
from supplier pricing wherever possible and in- 
house information. The cost for electrical power 
is estimated from the electrical load study for 
each area and applying the unit cost that is appli-
cable to the region in which the plant is located. 
The costs for maintenance supplies are estimated 
by applying factors to the direct capital cost esti-
mates for each area. The costs for contractor ser-
vices, administration, etc., are typically taken 
from historical information. The capital and 
operating cost estimates typically have an accu-
racy of ±25 %. 

 The above information is then evaluated to 
develop a relative ranking of the options in order 
to determine the most viable option. This evalua-
tion would also include a higher level assessment 
of the technical, health and safety, environmen-
tal, and other risks of each option. The selected 
option will then be tested more thoroughly at the 
pilot plant scale in preparation for the defi nitive 
feasibility study.  

14.1.2.3      Defi nitive Feasibility Study   
 This is the third, and typically highest, level of 
study for the development of an innovative  pro-
cess  . The detail of the work for this is much higher 

than for a prefeasibility study requiring the 
involvement of a broader range of expertise. So 
the cost for the execution of this level of study is 
much higher and the schedule may be as long as a 
year, depending on the complexity of the process. 
So it is vital to select the optimum variant of the 
process as the basis for this study, although it is 
quite typical to carry out some trade-off studies 
early during the study to evaluate any smaller 
opportunities to improve the process. 

 The work will be carried out by a complete 
range of process engineers or  metallurgists   and 
other engineering disciplines and with the capital 
cost estimates developed by estimating special-
ists. There will also be a major input from sched-
uling and planning, procurement, project 
management, and construction management per-
sonnel. It is vital for this level of study that the 
process fl owsheet is frozen and that pilot plant- 
scale test work has been carried out to provide 
greater confi dence in the process design criteria 
used for the plant. 

 The objective is to develop  documentation   
which typically includes:

•    Process fl ow diagrams (PFDs)  
•   Process design criteria  
•   Process model/mass balance  
•   Detailed equipment list of mechanical items  
•   Equipment specifi cations for major mechani-

cal items  
•   Equipment datasheets for commodity equip-

ment items such as pumps, cranes, HVAC, etc.  
•   Piping and instrumentation diagrams (P&IDs)  
•   Process control philosophy  
•   Overall plot plan and plant general arrange-

ments for each plant area  
•   Electrical single-line diagrams, electrical load 

list, electrical equipment list and specifi ca-
tions, cable and conduit list, and material 
takeoffs  

•   Preliminary designs and material takeoffs for 
civil/structural, piping and instrumentation 
and control  

•   Vendor enquiries for the supply of equipment 
and materials and for construction 
subcontracts  

•   Project execution schedule  
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•   Capital cost estimate  
•   Operating cost estimate  
•   Process description  
•   Technical, health and safety, environmental, 

and other risk  reviews      

 All of these documents are developed to a 
much greater level of detail than for the prefeasi-
bility study. 

 The list of the process deliverables for this 
level of study is similar to that for a prefeasibility 
study but with the addition of equipment data-
sheets, P&IDs, and control philosophy. The other 
items in the list are developed to a higher level of 
detail. Preliminary  P&IDs   are developed based 
on the process fl owsheets and these are then 
passed to piping engineering for further 
elaboration. 

 An overall plot plant is developed to a higher 
level of detail to demonstrate the relative location 
of the different areas of the plant, the size of the 
facility, and also the related facilities such as the 
tailings storage facility, and then plant general 
arrangements, both plans and elevations, are pro-
duced for each area of the plant. There is a grow-
ing trend to develop the layouts using  3D CADD.   

 For mechanical engineering, the major activ-
ity is to develop equipment specifi cations for all 
the major  equipment items   which include infor-
mation from the process equipment datasheets, 
where available and material takeoffs for plate 
work, e.g., tanks, bin, chutes, etc. Mechanical 
engineers work closely with procurement to 
obtain multiple quotes for each equipment item. 
Quotes are evaluated and equipment is selected. 
Often long lead equipment is purchased based on 
these quotes. 

 For civil and structural engineering, prelimi-
nary designs are developed using  sketches   which 
are used together with the plant general arrange-
ments as the basis for developing preliminary 
designs for the different areas, and then material 
takeoffs are developed of the amount of site 
work, concrete, structural steel, etc. 

 For electrical engineering,  single-line dia-
grams   are developed for the plant based on the 
mechanical equipment list and the motor sizes 

shown for the different items. A more detailed 
electrical load study is then developed from this 
information. Preliminary electrical designs are 
produced for the different plant areas and then 
electrical equipment specifi cations are developed 
for major items, with material takeoffs being 
developed for the other electrical requirements 
based on the plant general arrangements and the 
preliminary designs. Electrical engineers work 
with purchasing to obtain equipment quotes and 
evaluate them. 

 For piping engineering, the preliminary 
P&IDs developed by process are elaborated and, 
also, preliminary piping specifi cations are pro-
duced. These documents together with plant gen-
eral arrangements are then used as the basis for 
producing material takeoffs for piping, valves, 
and fi ttings. 

 For instrumentation engineering, preliminary 
instrumentation datasheets are developed and 
preliminary designs specifi cations will be pro-
duced for the overall control system. Then mate-
rial takeoffs for the other instrumentation are 
developed based on the P&IDs, plant general 
arrangements, and process control philosophy. 

 For the required level of accuracy for a defi ni-
tive feasibility study, it is necessary to obtain 
vendor and supplier pricing for most of the equip-
ment and bulk commodities and also for con-
struction subcontracts. Consequently, 
 procurement specialists   are used to obtain this 
pricing based on the equipment specifi cations 
and bulk material takeoffs developed by the dif-
ferent engineering disciplines together with stan-
dard procurement terms and conditions. 

 A more developed project schedule is pro-
duced covering all aspects of engineering, pro-
curement, and construction. 

 The required level of accuracy for a capital 
cost estimate for this level of study requires that 
each item be estimated from the relevant equip-
ment list plus bulk materials from the material 
takeoffs for mechanical, civil/structural, piping, 
electrical, and instrumentation. The majority of 
the costs are developed by obtaining  fi rm vendor 
and supplier prices   for all major equipment and 
bulk materials. For this level of study, the indirect 
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costs including construction indirect costs, engi-
neering/procurement/construction management 
costs are developed from detailed analyses of the 
individual components of each estimate category. 
The overall contingency that is applied to the 
estimate for this level of study is lower than for a 
prefeasibility study due to the higher level of 
detail used in the study and typically is developed 
from an analysis of the level of confi dence in the 
different areas of the estimate. 

 An operating cost estimate is also developed. 
At this level of study, the cost for labor is devel-
oped by producing a manpower list for the man-
agement, supervision, operation, and maintenance 
of the facility and applying costs for these differ-
ent positions based on typical levels of reim-
bursement for the region in which the plant is 
installed. The costs for  reagents and consumables   
are developed by producing a list of all the differ-
ent items, estimating the individual consump-
tions using information from the mass balance 
and typical data from existing information, and 
then applying costs for each item from supplier 
pricing wherever possible and in-house informa-
tion. The cost for electrical power is estimated 
from the electrical load study for each area and 
applying the unit cost that is applicable to the 
region in which the plant is located. The costs for 
maintenance supplies are estimated from a 
detailed analysis of the equipment and materials 
that are used for each area. The costs for contrac-
tor services, administration, etc., are typically 
developed by analyzing the different elements of 
these categories. The capital and operating cost 
estimates typically have an accuracy of ±15 %. 

 This evaluation would also include a more 
detailed assessment of the technical, health and 
safety, environmental, and other risks of the pro-
cess. As part of this assessment, a hazard and 
operability ( HAZOP        ) review will be carried out 
which is an activity involving the owner’s man-
agement team including members of the opera-
tion and maintenance groups and the engineering 
company’s lead engineers for each discipline. 
HAZOP reviews are always done in chemical 
plants, oil refi neries, and gas plants. Current 
belief in the mining industry is that the benefi ts of 

carrying out a HAZOP review have little value. A 
constructability review will also be performed 
using construction management specialists 
together with key members of the engineering 
and project management groups. A formal risk 
review is also carried out including most of the 
people involved in the other reviews. All of these 
review meetings will preferably be facilitated by 
people who are experienced in these areas and 
have not been directly involved in the execution 
of the study. 

 If the results of the defi nitive feasibility study 
are positive, the decision may be taken to test the 
process at the demonstration plant level as the 
basis for basic engineering.   

14.1.3     Capital and Operating Cost 
Estimation 

 Projects in the metallurgical industry are capital 
intensive. Any  metallurgical process   starts as a 
conceptual idea; this is followed by (a) scoping 
experiments to ascertain feasibility, (b) labora-
tory scale test work, (c) pilot scale test work, (d) 
demonstration plant—if needed, and (e) data col-
lection for the design of a full-scale plant. Based 
on this data, a complete mass and energy balance 
and detailed description of all the process steps 
should be established prior to the design and siz-
ing of all process equipment. All these items 
were described in Chap.   10    . 

 Based on the above information, the next step 
is to develop equipment design for the full-scale 
plant. This was described in Chap.   12    . 

 In 1958, the  American Association of Cost 
Engineers   published fi ve defi nitions of capital 
cost estimate types as follows:

    (a)    Order of Magnitude Estimate (variable accu-
racy over plus or minus 30 %)   

   (b)    Study Estimate (factored estimate, accuracy 
up to plus or minus 30 %)   

   (c)    Preliminary Estimate (generally for authori-
zation, accuracy plus or minus 20 %)   

   (d)    Defi nitive Estimate (more detailed informa-
tion, accuracy plus or minus 10 %)   
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   (e)    Detailed Estimate (contractor’s estimate, 
accuracy plus or minus 5 %)    

  Over the years, the accuracy of some of these 
estimates have changed based on actual experi-
ence and variations in available data. Specifi cally, 
the following  changes   are noted here:

    (a)    Order of Magnitude Estimate (variable accu-
racy; plus or minus 50 %)   

   (b)    Preliminary Estimate (accuracy plus or 
minus 25 %)   

   (c)    Defi nitive Estimate (accuracy plus or minus 
15 %)    

  The full capital cost of the project consists of 
three components shown below:

    (a)    Plant and equipment cost, including costs of 
direct engineering, procurement, and deliv-
ery to site. This cost is part of (b).   

   (b)    Total erected and installed cost ( TEC  )   , i.e., 
the cost of the complete plant erected and 
ready to operate—including constructional 
engineering, labor and materials, all services, 
buildings, and so on. This cost is part of (c).   

   (c)    Total capital employed ( TCE  ),    which also 
includes the working capital and fi nancing 
charges.     

 Capital costs are only one aspect of a full cost 
of a given project. In addition, it is normal prac-
tice to calculate operating costs and  internal rate 
of return (IRR)        . Sometimes, sensitivity analyses 
on the most critical process design parameter in 
each unit operation are run to establish its effect 
on IRR. In the current section, only details of cal-
culating operating costs will be discussed. 

14.1.3.1     Estimating  methods  : 
 There are four methods used for estimating costs: 
They are:

    (a)    Step count estimating.   
   (b)    Power or exponential law.   
   (c)    Factorial method.   
   (d)    Detailed methods.     

 The reader is referred to “Guide to Capital 
Cost Estimating” by Gerrard, A.M. for details of 
the above four estimation methods (Gerrad  2000 ). 

 An estimating checklist  c  onsists of the follow-
ing items:

    (a)    Site.   
   (b)    Process Plant.   
   (c)    Service Plant and Equipment.   
   (d)    Civil works.   
   (e)    Overhead Costs

•    Engineering costs  
•   Temporary facilities required for 

construction.  
•   Direct construction costs.  
•   Permitting cost.  
•   Miscellaneous overhead items.  
•   Owners cost.       

14.1.3.2       Updating  Estimates   
 In estimating the costs of equipment or process 
plants, it is always necessary to have a means of 
adjusting the cost of an item at one time to the 
estimated cost of the same item at another time. 
This is normally done by using cost indices. A 
cost index is given a value of 100 at a particular 
date chosen by the index compiler. 

 The US cost indices are listed below:

    (a)    ENR Construction Index applies mainly to 
civil engineering works and consists of con-
struction material and unskilled labor fac-
tors. This does not really apply to process 
industries. This is the oldest of the infl ation 
indices with a base data of 1904 at 100.   

   (b)    CE Plant Cost Index: The Chemical 
Engineering (CE) Plant Cost Index is pub-
lished by McGraw Hill . It is a complex mul-
ticomponent index. The base index for year 
1957–1959 is 100. In addition, they publish 
indices for seven categories of equipment, 
construction labor, buildings, plus engineer-
ing and supervision.   

   (c)    M and S Equipment Cost Index: The Marshall 
and Swift Equipment Cost Index is an “all 
industries” measure consisting of a composite 

V.I. Lakshmanan et al.



295

value of indices from various industries. This 
index is published in  Chemical Engineering  
together with component indices. The base 
index for year 1926 is 100.  Chemical 
Engineering  also publishes indices for eleven 
categories of air pollution control equipment. 
These indices are based on the assumption 
that it is 100 in the year 1994.      

14.1.3.3     Sources of Cost  Information   
 Sources of cost information are listed below 
(Gerrad  2000 ):

    (a)    Survey of sources: Estimators should have 
access to comprehensive and accurate cost 
information for preparing good cost estimates.   

   (b)    Supplier’s detailed quotations.   
   (c)    Supplier’s budget quotations.   
   (d)    Company Records.   
   (e)    Trade Literature.   
   (f)    Unit prices for measured work; published 

annually.   

   (g)    Technical literature and textbooks.   
   (h)    Personal cost books.   
   (i)    Government Departments.   
   (j)    Computer data.   
   (k)    Data Sources in Trade Journals.    

  The starting point for detailed capital cost esti-
mation is to compile a complete list of equipment 
with  specifi cations   as listed below:

    (a)    Item Number based on the location in any 
specifi c operating unit.   

   (b)    Description of equipment.   
   (c)    Operating parameters for that equipment.   
   (d)    Approximate size and shape.   
   (e)    Materials of construction.   
   (f)    Quantity required.   
   (g)    Item cost.       

  For a hypothetical waste water treatment 
plant, it is assumed that the total equipment cost 
is $500,000.00. An order of magnitude cost esti-
mate is shown below: 

   Order of Magnitude Cost  Estimate     

 Equipment  Material  Labor 

 Equipment cost  500,000 

   Labor to install @ 20 %  100,000 

 Foundation: @ 5 %  25,000 

   Labor: @ 133 %  33,250 

 Structures: @ 4 %  20,000 

   Labor: @ 50 %  10,000 

 Buildings: @ 8 %  40,000 

   Labor: @ 100 %  40,000 

 Insulation: @ 2 %  10,000 

   Labor: @ 150 %  15,000 

 Piping: @ 15 %  75,000 

   Labor: @ 50 %  37,500 

 Electrical: @ 8 %  40,000 

   Labor: @ 75 %  30,000 

 Instrumentation: @ 6 %  30,000 

   Labor: @ 40 %  12,000 

 Painting: @ 2 %     10,000 

   Labor: @ 300 %  30,000 
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    Note : The accuracy of an order of magnitude cost 
estimate such as this one is considered to be +/− 50 %. 

 As a rule of thumb, the total project estimated 
(installed cost) is around 3.3–3.7 times the equip-
ment cost. In the above case, the calculated factor 
is 3.48. 

 The following items are excluded from the 
above sample calculation. However, they must be 
factored in before a fi nal decision is made about 
the viability of the project.

    (a)    Treatment facilities for or impoundment of 
wastes.   

   (b)    Any costs related to  connection  to utilities; 
power, water, natural gas, or sewer.   

   (c)    Permits of any kind.   
   (d)    Land costs.   
   (e)    Escalation costs.   
   (f)    Owner’s administrative costs.      

   Estimate of Operating Cost 

   Operating  Schedule   
•   General operations: 3 shifts/day, 7 days/week  
•   Operating time of 8000 h per year (91 % oper-

ating time)  

•   Volume of water to be treated per year.    

 Summary of estimated operating costs are 
shown below:

    (a)    Labor, excluding benefi ts.   
   (b)    Employee benefi ts; 30 % of labor (consists of 

F.I.C.A., vacation, sick leave, insurance, hol-
idays, etc.).   

   (c)    Chemical reagents (such as chemicals, fl oc-
culants, gaseous reagents, etc.)   

   (d)    Operating supplies (fuel for mobile equip-
ment, shipping bags, fi lter cloth, and miscel-
laneous items).   

   (e)    Maintenance supplies.   
   (f)    Power (based on demand, consumption rates, 

and unit cost  during   peak and nonpeak 
hours).   

   (g)    Fuel (essentially natural gas; based on usage 
and unit cost).   

   (h)    Protective clothing and safety supplies.   
   (i)    Process water (based on usage and unit 

cost).   
   (j)    Steam (if needed for heating; based on usage 

and unit cost).   
   (k)    Cost of feedstock.   
   (l)    Value of product.     

 Equipment  Material  Labor 

   Miscellaneous: @ 5 %  25,000 

   Labor: @ 80 %  20,000 

 Sub totals  500,000  275,000  327,750 

  Note : Material costs are percentages of equipment costs. 

    Labor costs for material are percentages of material costs. 

 Total direct cost:  1,102,750 

 Engineering/purchasing @ 10 %  110,275 

 Field supervision: 6 months @ 10,000/
month 

 60,000 

 Field indirects; 50 % of direct Labor  163,875 

   Subtotal:     1,436,900 

 Escalation  0 

   Subtotal:  1,436,900 

 Contingency @ 15 %  215,535 

   Subtotal:  1,652,435 

 Fee: 8 % of material and labor  48,220 

 Taxes: 5 % of equipment and material:  38,750 

 Project estimated cost:  1,739,405 
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 The operating costs do not include:

    (a)    Amortization and depreciation   
   (b)    Sales expense   
   (c)    Taxes and Insurance   
   (d)    Owner’s overhead expense   
   (e)    Cost of Sales   
   (f)    Escalation   
   (g)    Cost of processing and/or impounding of 

waste streams     

 The capital cost equipment sizing was based 
on treating waste water (volume~25 gpm using a 
specifi c process operation). However, no exact 
dollar fi gures have been assigned for the estima-
tion of operating cost as quite a few other vari-
ables, such as location, variation in prices of 
chemicals, utilities etc., are involved based on 
 location  .     

14.2     Project Execution 

 The execution of a project for the  design   and con-
struction of a metallurgical plant is typically exe-
cuted by an engineering, procurement, project 
management, and construction management 
organization that specializes in this type of proj-
ect. When there is an innovative process involved, 
then there is an even greater importance to the 
experience of that organization on projects using 
similar technology. The organization will need to 
involve a full range of engineering, procurement, 
project management, and construction manage-
ment capabilities. 

 If the technology is a proprietary process pro-
vided by a specialist development organization, 
then it is essential that they are involved in the 
key phases of the project to ensure that the proj-
ect as completed is consistent with the require-
ments of their technology. 

 The steps involved for the execution of project 
using an innovative process are very similar to a 
project using a well-established technology as 
the bulk of the challenges with a new process are 
addressed during the process development stage. 
So the discussion of the different phases of proj-
ect execution primarily addresses some of the 

areas that need particular attention with an inno-
vative process. 

 The use of  3D CADD   for the design of the 
plant has numerous advantages, particularly for 
facilities that include a large amount of piping, as 
the software can be used to run interference 
checks between civil works, structural steel, pip-
ing, electrical cabling, and instrumentation. This 
can result in the elimination of reworking on site 
as the interference clashes were identifi ed during 
the installation of the facilities. Also, the model is 
invaluable in the execution of HAZID and 
HAZOP reviews and also the training of operat-
ing personnel. Modern 3D CADD systems can 
also have smart P&IDs integrated with them. 
These documents can then be used to develop the 
material takeoffs for piping, electrical cabling, 
etc. 

14.2.1     Basic Engineering ( Feasibility 
Engineering     ) 

 Basic Engineering is the initial phase of the exe-
cution of the design, procurement, and construc-
tion of the industrial plant. It is sometimes 
referred to as front-end engineering. It is not 
always executed as a separate phase but is often 
integrated into the detailed engineering. This 
phase typically takes 10–15 % of the total engi-
neering man-hours for the project. After this 
phase, the level of activity on the project increases 
substantially and the cost magnifi es signifi cantly 
with the procurement of the equipment and mate-
rials and the awarding of the construction sub-
contracts, so it is crucial that the plant design is 
frozen before proceeding to detailed engineering 
as the cost of making changes to the process after 
this phase would be extremely high. 

 The engineering of a project involves the input 
of a number of different disciplines as follows:

•    Process  
•   Mechanical  
•   Civil/Structural  
•   Piping  
•   Electrical  
•   Instrumentation and  Automation         

14 Process Development, Execution, Owner’s Responsibility, and Examples of Innovative Developments



298

 In addition, there is major involvement from 
the following nonengineering groups:

•    Project Management  
•   Procurement  
•   Project Planning and Scheduling  
•   Project Cost Control  
•   Project Accounting  
•   Document Control  
•   Cost Estimation  
•   Construction  Management      

 The main objective of this phase is to  substan-
tially   complete the process design for the project 
and to develop the basic criteria, standards, speci-
fi cations, and drawings for the different engineer-
ing disciplines. It is very common to produce a 
detailed capital cost estimate for the project at the 
end of this phase with a typical accuracy of 
±15 %. 

 This phase of the project is always very impor-
tant as the process design is fully developed dur-
ing this time which basically determines how the 
plant will perform ultimately. The importance of 
this phase is heightened with an innovative pro-
cess and the execution of HAZID and HAZOP 
analyses is crucial to identify potential risks and 
how to mitigate them. 

 There is a growing trend for the Basic 
Engineering to be carried out in a location where 
the relevant detailed experience exists with the 
technology used in the project, frequently in the 
more developed countries, and then for the 
Detailed Engineering to be executed in another 
location where the costs of engineering services 
are much lower. This can result in substantial 
savings in the cost for engineering. This is a strat-
egy that has been applied to many projects, but 
the key to its success is to ensure that there are 
excellent communications between the basic and 
detailed engineering teams. The development of 
online communications has greatly facilitated the 
easy transfer of documentation between widely 
separated locations in different countries if 
required. However, a key factor is to ensure that 
the different execution teams fully understand 
one another, so it is preferable to transfer key 
people between the different locations during the 
various phases of the  project  .     

14.2.2      Detailed Engineering 
and Procurement   

 This phase covers the completion of the detailed 
engineering for the project by each of the disci-
plines and the procurement of all of the equip-
ment and materials, and services for the 
construction of the project. The different engi-
neering disciplines and the nonengineering 
groups involved in this phase are similar to basic 
engineering, but the level of effort is much higher 
as it involves the completion of the other 85–90 % 
of the engineering together with the buying, 
expediting, and inspection of the different equip-
ment and materials for the project and the award-
ing of construction subcontracts. This phase 
typically takes 12–18 months. 

 As part of the procurement activity, there is a 
growing trend to modularize part or all of a proj-
ect and to transport the preassembled modules to 
the construction site. This can reduce the cost of 
constructing facilities on site and also it is possi-
ble to test the different systems on the modules at 
the modularization facility before shipping the 
units. This is extremely useful for a remote site 
providing that there are no major problems with 
transportation. 

 Also, there is a growing trend to procure 
equipment from locations other than the devel-
oped nations where the costs are lower and the 
quality has improved  substantially  .  

14.2.3      Construction   

 This phase addresses the preparation of the proj-
ect site and the installation of all of the different 
equipment and facilities. This is a very labor 
intensive phase, although the amount of labor can 
be reduced substantially by the supply of preas-
sembled process modules. The construction risk 
in terms of the safety of construction labor can be 
signifi cantly reduced by moving a signifi cant 
portion of the construction to a more controlled 
environment and by reducing the number of con-
struction workers needed on site. The successful 
execution of this phase requires very careful 
planning and close control of the quality of the 
site preparation and installation work. 
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 Special requirements may be necessary with 
innovative processes such as hazard identifi ca-
tion and mitigation, special construction tech-
niques, and constructability and operability 
issues. This will probably require the involve-
ment of specialist construction supervision and 
vendor representatives for any specialist equip-
ment. This is often a contractual obligation on the 
part of the vendors, and the cost of providing 
commissioning expertise may be built in to the 
capital cost of the project. The duration of this 
phase is typically 12–18 months or  more  .  

14.2.4      Commissioning and Start-up      

 This phase covers the “dry testing” (aka cold com-
missioning) of the different systems in the plant to 
ensure that all the mechanical equipment, electrics, 
and instruments function correctly, and then the 
“wet testing” (aka hot commissioning) of the plant 
with the addition of water or other inert materials, 
i.e., without the addition of feed materials and 
reagents. It is essential that the activities are well 
planned and that comprehensive procedures are 
developed for these operations. When this phase is 
complete, the project is handed over to the owner 
for operation. This will probably also require the 
involvement of specialist commissioning/start-up 
personnel and vendor representatives for any spe-
cialist equipment. This is often a contractual obli-
gation on the part of the vendors. Sometimes, the 
cost of providing commissioning expertise may be 
built in the capital cost of the project.      

14.3     Owner’s Responsibilities 

 This phase covers some of the aspects of the role 
of the owner that will use the innovative process 
and is required to ensure that the process is fully 
brought to successful implementation. 

14.3.1      Owner’s Team   

 The establishment of an Owner’s Team early in 
the development of the innovative process is a 
key to a successful outcome. The team will 

expand as the project moves through the different 
phases of the process development program. In 
addition to the typical management positions to 
look after project management, project controls, 
accounting, HR, administration, HSE and legal, 
the team should also include representatives who 
will eventually have a major role in the operation 
of the plant using the innovative process, so that 
there is early buy-in to the technology and there 
is continuity throughout the project program. 

 Ideally, key members of the Owner’s process 
team should be involved from the beginning of 
the bench-scale test work right through to com-
missioning and start-up. They would have a mon-
itoring role during the bench-scale and pilot-plant 
work, but would typically be involved very 
deeply in the design and operation of a demon-
stration  plant  .  

14.3.2     Staffi ng of  Operating 
and Maintenance Personnel   

 It is important to hire the key members of the 
operating and maintenance teams as early as pos-
sible in the project schedule. As far as possible, 
they should have relevant experience on opera-
tions of a similar nature. They should be involved 
in the operation of the demonstration plant so that 
they obtain an in-depth understanding of the 
innovative process. This will allow them to take 
leadership roles in the training of the rest of the 
operating and maintenance teams at the appropri-
ate time.  

14.3.3     Training of  Operating   and 
Maintenance Personnel 

 Training of operating and maintenance personnel 
is always very important for the successful ramp-
 up and operation of a metallurgical plant but is 
much more so when an innovative process is 
involved. 

 The training should be a very structured pro-
gram and it is recommended that the training 
effort be organized and led by a team of experi-
enced trainers. The training program will need to 
be established well in advance of the actual 
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 training effort as there will be considerable work 
involved in the preparation of schedules, systems, 
and documentation. Detailed operating instruc-
tions for the whole plant and individual operating 
procedures for each plant area are required to 
provide the basis for the training. Also, the use of 
the 3D-CADD model of the facility is an invalu-
able aid so that the personnel can understand the 
locations of the equipment, piping, and 
 instrumentation  .  

14.3.4      Ramp-up   

 The time required after start-up and commission-
ing to ramp-up the plant production to the design 
capacity can vary enormously and this can have a 
major impact on the fi nancial return for the proj-
ect. Historical experience has shown that, the 
more detailed the level of test work and develop-
ment work carried out, the fewer the number of 
problems experienced with the ramp-up. Also, 
maximizing the level of experience of the operat-
ing and maintenance teams and the quality of the 
training will have a marked impact on facilitating 
this process. 

 Wherever possible, it is advisable to use a 
higher feed grade for the fi rst few years in order 
to improve the plant revenues and thereby reduce 
the payback time of the project. However, it is 
better to have a stockpile of lower grade feed 
material available for the fi rst few months of 
operation until the plant operating conditions 
have been stabilized and acceptable extractions 
achieved for the materials targeted, as this mini-
mizes the losses due to poor extractions that will 
typically be experienced until the plant settles 
down.      

14.4     Examples of Innovative 
Developments 

 Two examples of innovative developments are 
presented below. 

14.4.1      Copper Solvent Extraction   

 For many years, copper ores that were  unsuitable   
for treatment by fl otation and smelting were 
treated by acid leaching either in vats for high- 
grade oxide ores with the copper being electrowon 
from the leach solution producing an impure cop-
per product, or in heaps and dumps of low- grade 
oxide and sulfi de ores with the solution being 
treated by cementation on iron scrap to produce an 
impure copper precipitate. Solvent extraction had 
been used for many years in uranium processing 
fl owsheets, but the lack of a copper-specifi c 
reagent prevented its application to copper pro-
cessing. However, in 1968, a major breakthrough 
was initiated by General Mills Chemicals, who 
developed a copper-specifi c organic extractant. 

 This was fi rst applied commercially in 1968 at 
the Ranchers’ Bluebird mine to treat leach solu-
tion from a heap leach operation treating mined 
oxide ore. This resulted in a high quality copper 
stream being produced which could then be sent 
to a tank house where the copper could be depos-
ited on to copper starter sheets, thereby produc-
ing an LME-grade product on site. 

 This development has had a major impact on 
the production of copper and there are now 
numerous copper solvent extraction circuits in 
use around the  world     .  

14.4.2     Alternatives to  Solid–Liquid 
Separation   

 For the leaching of some ores and concentrates, 
the use of solid–liquid separation can be rather 
expensive and also very diffi cult because of the 
poor setting and fi ltration characteristics of the 
leach material. So there have been numerous 
innovative processes developed to overcome this 
diffi culty. These processes can be loosely divided 
into two  categories  :

•    Treatment of unclarifi ed solutions  
•   Treatment of pulps    
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  Fixed bed ion-exchange and solvent extrac-
tion   were used in the 1950s and 1960s for ura-
nium extraction, but both of these technologies 
required a feed solution with a very low sus-
pended solids content. For some ores, this was a 
signifi cant problem due to poor solids settling 
characteristics and this was before the develop-
ment of modern fl occulants. One method that 
was developed was to use coarser ion-exchange 
resin beads and create a bed in a perforated bas-
ket that was suspended in a soluble uranium bear-
ing slurry stream. The uranium was adsorbed on 
to the resin and then periodically the resin basket 
was removed from the slurry and the resin was 
washed to remove any remaining slurry and then 
it was eluted in a fi xed-bed column. 

 In the 1970s, another approach was developed 
involving feeding leached uranium slurry to a 
 solid–liquid separation circuit   to carry out a pri-
mary separation of the solids and liquids and then 
the unclarifi ed leach solution was sent to a 
fl uidized- bed ion-exchange column. The column 
had a number of stages separated by perforated 
plates and a resin bed was collected on each plate. 
The solution passed up through the column and 
the beds of resin in the column were fl uidized and 
the uranium in solution was adsorbed on to the 
resin. Periodically, the fl ow of solution was 
stopped and the resin beds allowed to settle and 
then a valve was opened at the bottom of the col-
umn and a bed of resin was allowed to discharge 
by gravity and was collected in a vessel where it 
was ultimately eluted. At the same time, a bed of 
eluted resin was fed to the top of the ion-exchange 
column. Then the resin discharge valve was 
closed and the leach solution fl ow was reestab-
lished. This technology is still offered today. 

 Also, in the 1970s, there was a development 
program to extract gold from leached slurry by 
countercurrent contact with activated carbon in a 
series of agitated tanks. Initially, this was 
achieved by pumping a slurry stream from each 
agitated tank over an external screen with the 
slurry being sent to next tank in the series and the 
carbon being sent to the previous tank in the 
series.  Eluted carbon   was periodically added to 
the last tank in the series and loaded carbon was 
removed from the fi rst tank in the series and sent 

for elution. The use of external screens resulted 
in signifi cant carbon losses due to abrasion and 
so there was an extensive program to develop in- 
tank screens, and that is what is typically used 
today. This process is now referred to as carbon-
in- pulp or carbon-in-leach and is very widely 
used around the world. This technology has also 
been adapted for the extraction of uranium using 
a resin and that is referred to as resin-in-pulp.   

14.5     Summary 

 From the earlier sections of this book, it should 
be evident that the development of an innovative 
process from concept to operation introduces 
numerous additional challenges over and above 
those that are typically experienced with a well- 
established process. So these challenges will 
require a greater level of effort in the different 
phases of the project which will probably extend 
the time required for execution. 

  Process development:  Process development is 
the phase that is most signifi cantly affected by 
the development of an innovative process. During 
this phase, the process moves from an initial con-
cept through to the development of a plant design 
and capital and operating cost estimates that are 
suitable for making a decision about whether to 
proceed with the execution of the project or not. 

 Thorough testing of the innovative process 
through a program of test work that gets progres-
sively more detailed is the basis for the success-
ful development of the process. As part of the test 
work program, bench-scale and pilot plant test 
work are essential requirements and, frequently, 
it is also necessary to assemble and operate a 
demonstration plant to prove the process at a 
larger scale with equipment that is truly represen-
tative of what a commercial plant will use and 
also to satisfy the requirements of fi nancing orga-
nizations and purchasers of the product. 

 In parallel with the test work program, the 
technical evaluation and cost estimating efforts 
progressively grow in detail from the conceptual/
scoping phase through the prefeasibility phase to 
the defi nitive feasibility study phase. At the end 
of the process development phase, the innovative 
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process has been developed into an engineered 
facility which provides a good basis for proceed-
ing with the project execution phase if the studies 
show that it is technically and economically 
viable. 

  Project execution:  The project execution 
phase of an innovative process is more routine, 
but there are still areas that need careful attention 
compared to more widely used processes. 

 The execution of a project for the design and 
construction of a metallurgical plant is typically 
executed by an engineering, procurement, project 
management, and construction management 
organization that specializes in this type of proj-
ect. When there is an innovative process involved, 
then there is an even greater importance to the 
experience of that organization on projects using 
similar technology. The organization will need to 
involve a full range of engineering, procurement, 
project management, and construction manage-
ment capabilities. 

 In addition to the use of an innovative process, 
there is a growing trend to use some innovative 
work practices including the use of integrated 3D 

CADD, detailed engineering in third-world high 
value centers, plant modularization and supply of 
equipment from China, etc. 

 If the technology is a proprietary process pro-
vided by a specialist development organization, 
then it is essential that they are involved in the 
key phases of the project to ensure that the proj-
ect as completed is consistent with the require-
ments of their technology. 

  Owner’s Responsibilities:  The owner of the 
project that utilizes the innovative process has 
several areas of responsibility in ensuring the 
successful implementation of the project. These 
areas include the assembly of an experienced 
owner’s team for the execution of the different 
project phases, staffi ng and training of operating 
and maintenance personnel, and ramp-up of the 
plant.     
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         When considering the development of new inno-
vation and technology, fi nancial resources 
required to advance the process from idea to 
commercialization are not typically easy to come 
by. Unlike the development of new software 
which requires less capital, and computer hard-
ware which seems to have a near unending 
source of research and development fi nancing, 
marketing, and commercialization, the availabil-
ity of research and development fi nancing for 
new technology in the physical sciences is often 
as hard to come by as the scientifi c breakthrough 
itself. While small entrepreneurs have the most 
signifi cant breakthroughs in technology, for 
example, the Canadian Titanium Limited (CTL) 
process versus the Chloride Process and Sulfate 
Process for Titanium Dioxide production, the 
initial innovation came from previous projects 
and personal funds that developed a front-end 
leaching process. Followed by new capital in the 
form of public equity for a solvent extraction 
process, and an “off-the-shelf” solution for pyro-
hydrolysis, successful bench and pilot plant 
scale testing have brought the project to the point 
where commercialization capital is being sought. 
The CTL process seems to be an exception 

 versus the norm for successful fi nancing; how-
ever, fi nancing for the fi nal CTL plant is ongoing 
and is not yet completed. 

 This is by no means a complete coverage of all 
funding sources/mechanisms but should give a 
good overview. 

15.1     Self-Financing/Friends 
and Family 

 Typically the easiest form of fi nancing for a new 
technology is self-fi nancing or friends and family 
fi nancing. If the innovation or technology is your 
own idea, and you have the personal means to 
fi nance that idea, naturally you are the simplest 
and fastest fi nancier. You’re the boss, it’s your 
money, and win or lose you are in total control. 

 The next strongest support level comes from 
friends and family where quite often little confi -
dence in the innovation or technology is required, 
but only confi dence in the individual. Often there 
is a clear path in the developers mind but it is dif-
fi cult to convey these ideas to others. Hence seek-
ing support of the individual versus the idea is 
easier thus going to those who know you best 
and/or have known you the longest is the easiest 
form of fi nancing. 

 The most diffi cult portion part of approaching 
friends and family for fi nancing is the risk. You 
will typically only want to seek funding from 
friends and family who can afford it if they were 
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to lose the investment. As most innovation or 
technology fails, the risk for investors is high. It 
is often mentally easier to accept capital from a 
professional investor who can usually manage 
risk through diversifi ed investing versus friends 
and family, as professional investors fully under-
stand the risks as their business is investing. 

 A reasonable friends and family fi nancing 
would be to form the investment as a convertible 
debenture provided at a discount rate and an 
upper cap on valuation. The valuation is depen-
dent on, and will vary according to, the amount of 
capital raised, and the ultimate value of the 
opportunity if commercialized.  

15.2     University/State Research 
Facilities/State Research 
Grants and Funding 

 In Canada, a mechanism administered by the 
Natural Science and Engineers Research Council 
of Canada, or NSERC, offers a number of pro-
grams, grants, and fellowships that “depend upon 
partnerships among the academic, private and 
public sectors.”  

15.3     Corporate-Funded Private 
Research: Internal/External 

 A lot of technology is developed in house by 
large corporations to support existing and 
expected consumer and commercial markets, 
sometimes in collaboration with research labs. 
A good, and recent, example is the development 
of hydraulic fracturing (or fracking) which has 
come from entrepreneurs, government agency, 
academics, and corporations. Prior to the 2014 
drop in oil prices, innovation and technology 
development has moved at a very rapid pace, and 
despite the drop in oil prices, the innovation and 
technology that was under development is even 
now coming to market. 

 The corporate funding of innovation and tech-
nology research ends up with the investors owning 
the intellectual property. The technology devel-
oper may be well compensated, but there is no 

ongoing compensation or royalty from the innova-
tion and technology. Innovation and technology 
often builds upon previous research. Corporate-
funded research often gets the fastest commercial 
results. Funds can be directed internally to a cor-
porate research facility or externally to private or 
university research centers. Pittsburgh Plate Glass 
(PPG), for example, started its fi rst research center 
in 1910, and now has three major research and 
development centers in Pittsburgh, Pennsylvania, 
with more internationally. 

 There are also some hybrid combinations of 
Corporate and University/State funding opportu-
nities available. Examples of these include the 
Ontario Centres of Excellence (OCE) in Ontario, 
Canada, where government and industry partners 
work with academic institutions and/or individu-
als. The OCE’s mandates are to “create signifi -
cant economic impact for Ontario,” to work with 
“high-potential early-stage entrepreneurs and 
innovative enterprises to help these emerging 
businesses grow to the point where they can 
attract private investment and ultimately become 
sustainable, global competitors,” and “foster stu-
dent entrepreneurship and support entrepreneur-
ial activities by students and youth across 
Ontario.” 

 Another example of these hybrid combina-
tions is the organization MaRS, named after 
Medical and Related Sciences. MaRS works with 
private and public sector partners to help entre-
preneurs launch and grow innovative companies. 
It is focused on working with Canadians, primar-
ily in Ontario.  

15.4     Public and Private Company 
Financings 

15.4.1     Equity Financing 

 In an equity fi nancing, capital is obtained by sell-
ing a partial interest or shares in the company to 
investors. The ownership position is the “equity” 
that investors receive for their investment. There 
is no direct obligation to repay the funds, but 
investors become partial owners of the business 
and thus are able to have a degree of control or 
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say in the operations and direction of the innova-
tion or technology, depending on the amount or 
percentage of ownership. 

 Equity investors accept more risk than debt 
fi nanciers and expect to earn a higher return on 
their investment for the higher risk. Investors make 
money on equity investments by selling their 
shares at a higher price than they were originally 
purchased for. In some cases investors will make a 
return on their investment from a profi table inno-
vation or technology, in the form of a dividend. 

15.4.1.1     Sources of Equity Financing 
 For equity fi nancing, possible sources may 
include friends and family, private investors, 
investment clubs, customers and suppliers, 
employees, investment banking fi rms, insurance 
companies, hedge funds, venture capital fi rms, 
closed-end investment companies, large corpora-
tions, government-backed investment vehicles 
(such as Investment Quebec) and angel investors 
(wealthy entrepreneurs/investors) who may work 
alone or as a group.   

15.4.2     Debt Financing 

 Debt fi nancings are diffi cult for nonrevenue gen-
erating companies for innovation and technology 
development at the start-up level, but once com-
mitments to production or technology purchases 
have been signed, debt fi nancing may be a viable 
alternative. Debt fi nancings come in the form of 
loans. These loans are repaid over time with 
interest, although some government loans are 
interest free. Short-term loans are less than 12 
months, long-term loans are considered for more 
than 12 months. The main sources of debt fi nanc-
ings are banks and government agencies. But 
often friend and family, wealthy investors who 
prefer a guaranteed return on their investment 
will take debt versus equity. 

 Debt fi nancing interest payments can be 
deducted from income earned, but in the early 
days of innovation and technology development 
there is generally no revenue and only expenses, 
so there is no tax advantage. However, debt 
fi nancing leaves control, except in the case of a 

default on the debt, in the innovation and technol-
ogy developers control once the debt has been 
paid as the lender does not receive any ownership 
in the operation. 

 Debt fi nancings potentially are not a viable 
option for innovation and technology develop-
ment as innovation and technologies often fail to 
reach commercialization in a “reasonable” time-
line. This often leads to no income availability to 
make regular payments on loans. Economic 
downturns and interest rates, that are also typi-
cally higher due to higher risk to lenders, also 
affect most innovation and technology. 

 Having too much debt can also lead to future 
diffi culty raising other forms of equity, as the 
debt on top of the commercialization risk of the 
innovation or technology, making the opportu-
nity less attractive to potential investors.  

15.4.3     Debentures 

 Debentures are debt instruments issued by a 
company to raise capital to pay for expenses. 
Debentures are typically transferable, just like 
equity, but come with no rights to infl uence the 
innovation or technology that a typical share-
holder would have. These types of debt are unse-
cured loans, and the company has more fl exibility 
than with traditional debt. 

 There are two types of debentures: convertible 
and nonconvertible. 

15.4.3.1     Convertible Debenture 
 Convertible debentures pay a set or fi xed income 
stream in the form of interest payments as well as, 
at or in some cases before maturity, the principal 
amount or conversion of the principal amount into 
equity at a specifi c price. The convertible deben-
ture is often more attractive to the investor, having 
the option of taking back the principal amount in 
cash or in equity, but usually yields a lower inter-
est rate than a nonconvertible debenture.  

15.4.3.2     Nonconvertible Debentures 
 Nonconvertible debentures pay a set or fi xed 
income stream in the form of interest pay-
ments at maturity, the principal amount. 
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Nonconvertible debentures do not convert into 
equity. Typically nonconvertible debentures 
have a higher interest rate payable when com-
pared to a convertible debenture.   

15.4.4     Bonds 

 Bonds are debt instruments that are issued to 
cover expenses and expansions. A bond is con-
sidered a loan taken by a borrower from an inves-
tor with no equity component. Unlike debentures, 
bonds are secured loans and can yield very low 
interest rates. Bonds are redeemed at a specifi ed 
time determined at the issuance on the bond. 
Bonds may be used interchangeably with deben-
tures as some debentures may be secured.   

15.5     Strategic Partnerships (Joint 
Venture) 

 A strategic partnership is a collaborative agree-
ment between two or more parties in which all 
parties work together for a common goal. The 
parties share the risks, responsibilities, resources, 
skills, and benefi ts. In the case of technology and 
innovation, a funding partner could collaborate 
with the innovation/technology developer, and 
jointly advance the project while sharing the risks 
and rewards.  

15.6     Crowdfunding 

 Crowdfunding is the use of internet and web- 
based social networks as a sales platform to reach 
a pool of nontraditional investors and offers 
access to investments that traditionally may not 
have fi t the risk profi le of investment banks or 
hedge funds. Leveraging a crowdfunding network 
is quite often now the starting place for many 
entrepreneurs to raise capital for innovation and 
technology and is leading to more completed 
fi nancing. There are three models to crowdfund-
ing which will be described: Donation (Reward), 
Lending (Debt), and Investment (Equity). 

15.6.1     Donation 

 Currently, the largest crowdfunding model is 
the donation model. In a donation-based model, 
capital is raised with no expectation of a return 
on investment beyond the goodwill to support a 
charitable cause or a reward (a mug, t-shirt, or 
other token of appreciation). The donation 
model currently is the fastest way to complete 
a crowdfunding.  

15.6.2     Lending 

 The second largest crowdfunding model is the 
lending model. The lending model can be broken 
down into three main categories: Presales, tradi-
tional loan, and forgivable loan. 

15.6.2.1     Presales 
 In presales, which is related to product-related 
crowdfunding, a fi nished product, assuming suc-
cessful innovation and technology is commer-
cialized, is offered in return for fi nancing. In the 
case of a larger contribution, multiple copies of 
the product are typically delivered to the funder.  

15.6.2.2     Traditional Loan 
 Crowdfunding using a traditional loan model is 
unique way to borrow small amount of capital 
from many sources. Standard loan terms are 
used and there is an expectation of regular 
interest payments and well as repayment of the 
principal. There is often a catch with crowd-
funding via a traditional loan as loans are not 
always guaranteed.  

15.6.2.3     Forgivable Loan 
 In crowdfunding a forgivable loan model, the 
capital is repaid to the lender in two scenarios: 
when the innovation and technology generate 
sales; or when the innovation and technology 
generates a profi t. This is the most appealing 
model for entrepreneurs and the risk is mini-
mized, but also a more diffi cult debt fi nancing 
model as investors have no security if the innova-
tion and technology fails.   
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15.6.3     Investment 

 The crowdfunding investment model is a new 
way to access investors on a small scale that tra-
ditionally would have been an investment bank-
ers mandate to raise equity. The major differences 
between the traditional investment model and the 
crowdfunding investment model are the number 
of investors and securities regulations. 

 In an investment model for crowdfunding, 
capital is raised in exchange for equity in the 
innovation and technology. It is straightforward 
and allows for ownership of fractional shares of 
the innovation and technology. There are some 
hurdles with securities regulations including 
number of shareholders, and it appears that the 
securities regulators are dealing with these issues 
in a manner that will be positive for both the 
investors and the entrepreneur.   

15.7     Streaming Financing 

 In a streaming fi nancing, a “streaming company” 
pays an upfront fee used to advance development 
of a project in exchange for the right to purchase a 
commodity at a fi xed price. While streaming roy-
alties are very attractive to a streaming company, 
the innovation or technology company can get 
caught in a low price environment where their 
operation becomes uneconomic and the company 
is forced to close. This scenario also eliminates 
upside in a rising price environment to the innova-
tion or technology company as their selling price 
is fi xed to the streaming company. The streaming 
company provides a one-time upfront payment 
when the royalty acquisition is made, and then is 
not responsible for any required capital expendi-
tures, operating costs, or sustaining costs.  

15.8     Royalty Financing 

 In a royalty fi nancing, a “royalty company” pays 
an upfront fee used to advance development of a 
project in exchange for the royalty of part or total 
production from a given innovation or technol-

ogy. Royalties vary, but may include a SSR 
(Sliding Scale Royalty), NSR (Net Smelter 
Return), GSR (Gross Smelter Revenue), NPI 
(Net Profi t Interest), CMR (Contained Metal 
Returned, which specifi es individual metal or 
product or a group of products). These types of 
royalties can often mitigate risk, and with certain 
types of royalties can provide upside to both the 
innovation or technology company and the roy-
alty company. The royalty company provides a 
one-time upfront payment when the royalty 
acquisition is made, and then is not responsible 
for any required capital expenditures, operating 
costs, or sustaining costs.  

15.9     Licensing Fee Financing 

 In a licensing fee model, an end user pays a fee, 
typically up front and annual, to the innovation 
and technology company, for a defi ned period of 
time with renewal clauses for the right to use 
typically proven and commercial technology. 

15.9.1     Types of Licensing Fee 
Agreements 

 A long-term license is usually more benefi cial if 
the licensee is a funded small business with lim-
ited cash. The initial payment is usually relatively 
small, with subsequent royalty payments forming 
the greater part of the fi nancial compensation, 
usually after the company earns the bulk of 
money from the technology. 

 In the case of a short-term license, the greater 
portion of the compensation is made via an initial 
payment. A company that prefers to pay for a 
license in cash instead of equity may fi nd this 
short-term agreement useful.  

15.9.2     Exclusive and Nonexclusive 
Licensing Fee Agreements 

 An exclusive licensing fee agreement allows 
for only one company to license the innovation. 
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In a nonexclusive licensing fee agreement, more 
than one company may purchase the right to use 
the licensed technology. Nonexclusive licensing 
fee agreements are often more palatable for a 
widely used innovation or technology (e.g., vel-
cro or paint balls). Lower licensing fees and 

reduced royalty fees can reduce the cost of the 
product which may increase market appetite for 
the product. Improvements in the technology 
made by one licensee can also benefi t the inno-
vation and technology developer as well as the 
other licensees.       
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         The objective of this chapter is to give a brief 
review of various innovative processes that have 
been developed in the area of process metallurgy 
in the last 100 years. 

 At a symposium held by Society of Mining 
Engineers (SME) in 2013 and the Proceedings 
published in 2014 titled “Mineral Processing and 
Extractive Metallurgy—100 years of Innovation” 
(Anderson et al.  2014 ), Dr. Fathi Habashi 
reviewed the History of Innovations in Extractive 
Metallurgy (Habashi  2014 ). The proceedings 
also had chapters on innovation in various 
branches of Mineral Processing and Extractive 
Metallurgy. Innovations in Mineral Processing 
have been dealt in Chap. 2. 

 The current chapter summarizes the innova-
tive processes developed in three main areas of 
extractive metallurgy, viz., pyrometallurgy, 
hydrometallurgy, and electrometallurgy. This 
concept is illustrated using the metallurgy of 
copper as an example. Some reference is made 

to the metallurgy of lead, zinc, and a few other 
metals. These three metals have been chosen for 
illustrating some innovations in extractive met-
allurgy as the authors have considerable experi-
ence in these areas. A summary of innovative 
processes for other metals has been listed toward 
the end of the chapter. Details of these processes 
are described in some detail in the Proceedings 
of the Symposium on “Mineral Processing 
and Extractive Metallurgy—100 years of 
Innovation” published by SME in 2014 
(Anderson et al.  2014 ). 

 Additionally, innovative ideas have played a 
major role in: (a) process “intensifi cation” and 
(b) solving environmental issues in process met-
allurgy. A few examples from the area of pyro-
metallurgy are included to illustrate these 
solutions at the end of this chapter. 

16.1     Copper: (Partelpog  2014 ) 

16.1.1     Pyrometallurgy 

 About 75–80 % of the copper produced in the 
world is by pyrometallurgical processes. The bal-
ance is produced by hydrometallurgical pro-
cesses, viz., leaching of oxide and low-grade 
sulfi de ores, solvent extraction, and electrowin-
ning (EW). 

 About 90 %+ of the copper produced by pyro 
processes are done either by fl ash  smelting and 
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bath smelting. Out of this 90 %, about 49 % is 
produced by fl ash smelting followed by 40 % 
using bath smelting. Peirce-Smith converters con-
tinue to be the workhorse for converting copper 
matte with two plants using fl ash converting and 
two other plants using Mitsubishi converting. 

 In this chapter, only fl ash and bath smelting are 
described in some detail as most of the copper is 
produced essentially by these two smelting units. 

 The success of these two innovative ideas of 
copper smelting technology, viz., fl ash smelting and 
bath smelting can be attributed to: (Mackey  2013 )

•    Extensive testing of the idea at every level., 
viz., bench, pilot, demonstration scale; all 
these levels of testing followed by design, con-
struction, and commissioning of the full- scale 
plant have been described in detail in Part II.  

•   Excellent process understanding, optimiza-
tion, and control.  

•   Use of tonnage oxygen in the early 1970s.  
•   Advances in Furnace Integrity.     

16.1.2    Flash Smelting 

•        Flash smelting for copper concentrates.
•    Outotec Flash Smelting. Outotec process uses 

oxygen enriched air; involves a slag cleaning 
step.  

•   Outotec Direct to Blister.  
•   INCO Flash Smelting. INCO process used 

100 % O 2 ; discard smelter slag.       
The fi rst Outotec fl ash smelting unit was 

started in 1949. As of 2013, there are about 59 
Outotec fl ash smelting units in service. Of these, 
45 units are copper fl ash smelters, fi ve are copper 
converters, six are Ni smelting units, three are 
direct to blister copper, and one unit is for pyrite 
smelting. During its history, the process has 
undergone a considerable number of improve-
ments such as: (a) use of tonnage oxygen (since 
1971), (b) high matte grade, (c) improvements in 
furnace construction (described later), etc. Of 
these three improvements, use of oxygen made a 
great impact as shown below:

•    Decreased Energy Consumption  
•   Decreased investment costs  

•   Additional operational advantages  
•   Decreased pollution and better working 

atmosphere  
•   Higher concentration of SO 2  in the off-gas 

(also lower volume) and its better capture    

 The Outotec fl ash smelting technology has 
been successfully used in three plants to produce 
blister copper from concentrates having a high 
Cu/Fe ratio. 

 The following three fi gures illustrate some 
aspects of the Outotec Flash Smelting units 
(Figs.  16.1 ,  16.2  and  16.3 ).

     Normal oxygen enrichment used in fl ash 
smelting varies from 45 to 85 % depending on 
the desired matte grade. The INCO fl ash 
smelter—four of them in operation—uses 100 % 
oxygen; two of the smelters process Cu concen-
trates while the other two smelters at Sudbury, 
Canada treats Ni–Cu–Co–Fe–S concentrates to 
produce a Ni–Cu–Co matte. INCO fl ash smelter 
produces a discard slag with low levels of Cu; 
the Outotec fl ash smelter slag contains high lev-
els of copper; it is normally treated in an electric 
furnace or slow cooled and milled for additional 
copper recovery. 

 For reasons unknown, the INCO fl ash smelt-
ing technology was never marketed aggressively 
and hence explains their small presence in the 
smelting world in comparison to Outotec fl ash 
smelting technology.

16.1.3         Bath Smelting for Copper 
Concentrates

•    Top submerged lance (TSL) Xstrata’s 
ISASMELT process for smelting for Cu 
and Pb concentrates.  

•   Outotec/AUSMELT process for smelting 
copper and lead concentrates.  

•   Noranda’s Reactor for smelting copper 
concentrates.  

•   Mitsubishi smelter for smelting copper 
concentrates; involved an intermediate slag 
cleaning step (Slag/Matte separation) that 
made the process somewhat continuous.  

•   El Teniente Converter technology for 
smelting copper concentrates.  
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  Fig. 16.1    A view of the Outotec fl ash smelting unit showing feed system, burner, reaction shaft, settler, and uptake. 
Reproduced with permission from Outotec Inc       

  Fig. 16.2    Simplifi ed rendering of the fl ash smelting unit. Reproduced with permission from Outotec Inc       
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•   SKS (Shuikoushan) smelting copper and 
lead concentrates—developed by SKS 
Mining Bureau, China.        

 Since the advent of Xstrata’s ISASMELT at 
Mt. Isa in the 1980s, about 2.5–3.0 million tons 
of copper are being produced today by this tech-
nology. This innovative technology seems to 
handle complex copper concentrates with impu-
rity elements somewhat better than fl ash smelt-
ing. As an example, a cross section of the 
ISASMELT is shown in Fig.  16.4 .

   However, one new emerging bath smelting 
technology, viz., Shuikoushan (SKS)—for treating 
both copper and lead concentrates deserves a men-
tion here. Currently, there are a number of SKS 
lead smelters in China and one in India. Application 
of the SKS process technology for copper smelting 
is slowly on the rise in China. The SKS copper 
smelter in Dongying, China employs highly oxy-
genated tuyeres, similar to Savard-Lee type 
 tuyeres—similar to Lurgi’s QSL direct lead smelt-
ing process. With about 70 % oxygen enrichment, 
a matte grade with 70 % Cu is produced for conver-
sion in a PS converter. As of today, the maximum 
capacity of a SKS copper smelter is about 150,000 t/

year. Technical data on one of the important fea-
tures of the technology, viz., shrouded oxygen 
tuyere are not available in suffi cient detail to make 
a complete evaluation of the process. Also, envi-
ronmental data, viz., (a) level of gaseous and par-
ticulate emissions, (b) effl uent discharge levels, (c) 
sulfur fi xation, etc., are not available for an 
informed technical evaluation. Its success is depen-
dent on: (a) producing very high-grade mattes and 
(b) high tonnage copper at least 250,000–300,000  
tpy in one single smelting unit. 

 The history of the development of the fl ash 
smelting technology at Outotec is well docu-
mented in a book titled “A Flash of Knowledge” 
by Tuomo Sarkikoski and published by Outotec 
company (Sarkikoski  1999 ).   

16.2     Converting of Copper Matte 

 The modern version of the Peirce-Smith con-
verter has been the dominant technology and 
workhorse for copper matte converting. The great 
fl exibility and simplicity of the Peirce-Smith con-
verter, its ability to handle scrap copper (both old 
and new), modern design for converter hoods and 

Uptake

Settler

Slag

Preheated and/or oxygen
enriched air

SlagMatteMatte

Reaction shaft

Concentrate and sand

Concentrate burner

Off-gas

  Fig. 16.3    A cross section of the Outotec fl ash smelting unit. Reproduced with permission from Outotec Inc       
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AIR, OXYGEN, OIL/NATURAL GAS

Oil or natural gas can be injected down the lance with
combustion air. Air can be enriched with oxygen.

The stationary furnace design allows efficient offgas collection
and maximises offgas strength while minimising solids
carryover.

Wet, agglomerated feed can be charged directly to the furnace
with no further treatment.

The submerged lance design promotes formation of a frozen
slag layer on the lance tip.

Simple furnace design reduces capital cost and allows
problem free, rapid refractory installation.

The slag coating on the lance tip protects it from wear by the
molten bath.

The submerged lance creates a highly agitated bath ensuring
rapid chemical reactions and good mixing.

One or more water-cooled tapholes can be used for molten
product removal.

OFFGAS AND FUME

AGGLOMERATED FEED

PATENTED LANCE DESIGN

REFRACTORY-LINED STATIONARY FURNACE

FROZEN SLAG COATING

VIGOROUSLY STIRRED BATH

High Intensity,
Low Capital Cost
Smelting
Technology

  Fig. 16.4    Cross section of ISASMELT bath smelting furnace for copper and lead production. Reproduced from Xstrata 
Technology Brochure, with permission from Glencore, Australia       
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cost still make a compelling case for its use in 
copper matte converting. 

 The modern trend toward mega-plants, viz., 
plants with potential capacity of 400,000 t/year 
and above may edge future plants toward fl ash 
converting which would need fewer vessels and 
lower off-gas volume. The newest “double fl ash 
smelter” in China—designed to produce 
400,000 t/year of copper—has one fl ash smelter 
and one fl ash converter (Mackey  2014 ). 

 Oxygen enrichment is used in converters 
(maximum 29 % O 2 ) to (a) convert high-grade 
mattes, (b) increase converting rate, and (c) 
increase melting of solids such as fl ux, reverts, 
and scrap. Above 29 % oxygen enrichment, 
refractory erosion becomes excessive. Pierce- 
Smith converter technology will continue to dom-
inate the matte converting scene; however, there 
may be inroads by the new continuous converting 
technologies—particularly for large-scale plants. 

 The development of continuous fl ash converting 
technology—developed and adopted at the 
Kennecott copper smelter in Utah, USA—has made 
a breakthrough in copper smelting—specifi cally in 
reducing emissions from the smelter. 

 Typically, the fl ash converter treats dry, 
crushed granulated matte using oxygen enrich-
ment up to 80 % oxygen. Molten matte of size 
0.5 mm granules are crushed to 50 μ and dried 
prior to charging to the fl ash converter. 

 In the Proceedings referred to at the beginning 
of this subchapter, Partelpog ( 2014 ) has summa-
rized all other innovations related to copper pyro-
metallurgy that has resulted in considerable 
improvements in smelting operations and 
increased metal production. They are listed below:

    1.    Flash Smelter burner system to improve dis-
tribution of process air   

   2.    Concentrate feed system to the fl ash furnace   
   3.    Furnace cooling with external water cooling 

jackets   
   4.    Improved gas cooling technology   
   5.    Anode Refi ning Innovations: (a) porous plug 

technology, (b) increased use of oxy-fuel 

burners (Praxair’s Dilute Oxygen Combustion 
(DOC) burner)   

   6.    Increased anode mold life    

16.3       Copper 

16.3.1     Hydrometallurgy 
and Electrometallurgy: 
(Hiskey  2014 ) 

 A major innovation in copper hydrometallurgy 
was the use of solvent extraction technology to 
produce concentrated and purifi ed copper elec-
trolyte that could be electrowon to make pure 
copper cathodes equivalent to refi ned copper 
cathodes. The process was piloted at Bagdad 
(now Freeport McMoran, Bagdad) in 1965 and 
later commercialized at Rancher’s Bluebird, 
Miami. Some details of the copper SX process 
are described in Chaps. 2 and 10. Since then, 
Copper SX process has become the industry stan-
dard in hydrometallurgical production of copper. 
At present, about 20–25 % of primary copper 
production is produced by the SX-EW process. 

16.3.1.1    Heap and Stockpile Leaching 
 Recent advances in heap and stockpile leach-
ing—a step prior to the SX step—have been: (a) 
Ore Stacking, (b) Acid Cure and Agglomeration, 
and (c) Drip Irrigation. Since the advent of the 
alpha-hydroxy-oxime by General Mills 
Chemicals, considerable progress has been made 
in the development of various SX reagents for 
recovery of copper. In recent times, more selec-
tive SX reagents have been developed for specifi c 
operating regimes.    

    Ore Stacking 
 Innovative idea of Modern Automated Super 
Portable technology featuring all-track pro-
pulsion, onboard generators, articulated head 
and tail systems has increased the maneuver-
ability and overall flexibility of material han-
dling. The Safford heap leaching project of 
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 Freeport- McMoran has employed this system 
in their operations. In addition, this innova-
tion has improved the permeability of the 
heap pad.  

    Acid Cure and Agglomeration 
 Bouffard has done an excellent review of the fun-
damental and practical considerations regarding 
agglomeration for both precious metals and cop-
per ores (Bouffard  2005 ). He summarized the 
process of agglomeration as “Agglomeration” 
was a technical and economic breakthrough 
(innovation) technology for heap leaching of 
clayey ore and ore containing high fi nes. 
Researchers headed by Heinen H.J. and others at 
U.S. Bureau of Mines also played a major role in 
this development. McClelland at USBM was 
responsible for transferring this innovative tech-
nology to plant operations. In summary, this 
innovation has greatly helped heap leaching of 
copper ores in the following ways:

•    Improved heap physical structure  
•   Improved leach chemistry  
•   Improved environmental impact     

    Drip Irrigation 
 Among the various methods of solution applica-
tion to any heap and stockpile of ore, the innova-
tive use of drip irrigation—an idea borrowed by 
agricultural irrigation—plays a major role in cop-
per ore leaching. Drip systems have helped opti-
mize metal recovery. In addition, the following 
advantages have made it an industry standard for 
leaching ores. They are:

•    Operates well in extremely dry climates where 
evaporation rates are very high  

•   No drifting of spray mist  
•   Less ice-build up and fewer freeze-up during 

cold weather  
•   Better control at very low application rates  
•   Better working conditions for the employees    

 In summary, a number of innovations—devel-
oped over a long period by the metallurgical 
 industry—have played a major role in the hydro-
metallurgical treatment of low-grade copper ores, 

viz., oxidic ores and low-grade sulfi dic ores. This 
accounts for about 20–25 % of the world copper 
production today.  

16.3.2     Copper Electrowinning 
and Electrorefi ning 

 Productivity improvements in copper EW—
mainly due to use of higher current density—
have occurred due to the use of:

    1.    Stainless Steel Permanent Cathode 
Technology—developed by both Kidd and 
Mt. Isa (both of Xstrata—now Glencore).   

   2.    Air Sparging under the cathode in an EW cell.   
   3.    Use of fi ber reinforced plastic electrode 

frames for improved alignment of cathodes.   
   4.    Use of PGM-coated Ti mesh anodes for 

energy savings by reducing the anode 
overvoltage.     

 Of the four innovations listed above, the stain-
less steel permanent cathode technology has 
become the “industry standard” for both EW and 
ER copper tank houses. In addition, the joint 
efforts of Xstrata and Falconbridge resulted in 
the development of a cathode stripping machine 
(CSM) that has a high degree of automation and 
advanced robotics.  

16.3.3     Hydrometallurgy of Copper 
Concentrates 

 A considerable number of hydrometallurgical 
processes have been developed and tested for 
treating copper concentrates. They have been 
reviewed extensively in a paper by Ramachandran 
et al. ( 2007 ). However, none of the processes 
have evolved as a competitor to pyrometallurgi-
cal option of smelting copper concentrates. The 
reasons for this limitation are:

    1.    Scale of operation.   
   2.    Relative costs of production of cathode cop-

per through the smelting/refi ning option vs. 
leaching/SX-EW option.   
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   3.    Various operational issues that have not been 
resolved to date.    

  Among the various lixiviants that were used for 
leaching copper concentrates, chloride assisted, 
sulfuric acid, and oxygen/sulfate systems have been 
reasonably successful. In spite of its limited suc-
cess, hydrometallurgy of copper concentrates will 
contribute only a small fraction of copper to the 
overall copper production. None of the processes to 
date have tested dirty copper concentrates or con-
centrates containing Se, Te, and PGM metals. 
Further, treatment of process effl uents from such 
hydrometallurgical processes has not been fully 
addressed. All these issues are a ripe area to come 
up with innovative ideas to establish the hydromet-
allurgical treatment of copper  concentrates—for 
small-scale production—as a viable option in loca-
tions far away from urban areas.  

16.4     Process Metallurgy of Lead: 
Pyro, Hydro, 
and Electrometallurgy 

16.4.1     Pyrometallurgy 

 Details of new smelting processes for production 
of lead have been described in detail in a very 
good review in Proceedings of Lead and Zinc’05 
(Stephens  2005a ). They are:

    (a)    QSL (Queneau–Schumann–Lurgi) process   
   (b)    Kivcet process   
   (c)    ISASMELT process   
   (d)    AUSMELT process   
   (e)    Shuikoushan (SKS) process    

  Four processes from the above list are bath 
smelting units; KIVCET is a  “flash smelting” 
unit. Unlike copper, lead pyrometallurgy is 
not easily amenable to “flash smelting” as the 
vapor pressure of PbS and PbO is quite high at 
smelting temperatures thereby resulting in 
considerable loss of lead in the gas phase. 
Also, none of the above processes—except 
KIVCET process—produce slags with lead 
levels low enough—in comparison to the lead 

blast furnace slag—for discard. Invariably, the 
high PbO slags are reduced to recover some 
additional Pb prior to slag fuming for zinc 
recovery. 

 A typical cross section of the KIVCET lead 
smelting unit is shown below (Fig.  16.5 ):

   The latest innovation in the production of 
lead is the Shuikoushan (SKS) process, devel-
oped by Shuikoushan Mining Bureau in China. 
The process uses a horizontal vessel resem-
bling a Noranda Reactor with oxygen injec-
tion tuyeres (air shrouded) like QSL. Lead 
bullion is produced in the SKS vessel and the 
PbO slag is reduced separately in a blast fur-
nace. A considerable number of SKS plants 
are in operation in China and one in India. 
Little published information is available on 
this process—especially on the details of 
shrouded oxygen tuyere.   

16.4.2     Hydrometallurgy 

 Lead production by hydrometallurgical pro-
cesses has never been a success to achieve com-
mercial scale operations. Examples are the 
Dextec chloride process, USBM chloride pro-
cess, and the recently developed Engitec™ pro-
cess using ferric fl uoborate as a leachant. No 
new hydrometallurgical process for lead pro-
duction is on the radar screen—in spite of the 
environmental pressure on the established pyro-
metallurgical processes. 

 Any innovative process to produce lead by a 
hydrometallurgical process will go a long way in 
possibly eliminating the environmental issues 
related to the pyrometallurgical process of pro-
ducing and refi ning lead.  

16.4.3     Electrometallurgy 

 Electrorefi ning (ER) of impure lead—specifi -
cally containing large amounts of bismuth—was 
developed and patented by Anson Betts in 1901. 
The Betts Electrolytic Process (BEP) stands as a 
testament for electrometallurgy of Pb. Teck 
Resources, Trail, Canada pioneered the commer-
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cial application of the BEP process with 
 continuous innovation focused on productivity 
improvement and quality of refi ned lead. The 
details of the BEP process are described in some 
detail in a review article on Innovations in Zinc 
and Lead Hydrometallurgy (Robinson and 
Anderson  2014 ).  

16.5     Process Metallurgy of Zinc: 
Pyro, Hydro, 
and Electrometallurgy: 
(Robinson and Anderson  2014 ) 

16.5.1     Pyrometallurgy 

 The production of zinc by pyrometallurgical pro-
cesses is limited to the use of Imperial Smelting 
Furnace (ISF) process wherein zinc–lead concen-
trates are treated to produce both lead and zinc. 
However, zinc so produced is not as pure as 
Special High Grade (SHG) zinc and has limited 
industrial use. The ISF furnace is fraught with 

considerable amount of environmental issues 
related to acceptable work place atmosphere. 
There are only about 6–8 ISF plants in operation 
today in the world.   

16.5.2     Hydrometallurgy 

 Two major innovative processes in the hydromet-
allurgy of zinc have been:

    1.    The jarosite process for iron removal and 
increased zinc recovery.   

   2.    Sherritt’s pressure leaching of zinc concen-
trates as an alternate and/or add-on to roast- 
leach process.     

 The jarosite process is well documented in lit-
erature and is widely used by many zinc refi neries. 
Similar processes for iron control and improved 
zinc recovery were the Goethite process (used by 
Vieille Montagne) and Hematite process (used by 
Dowa Mining and Ruhr Zink). 
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 Tecnicas Reunidas of Madrid, Spain pio-
neered the solvent extraction of zinc with the 
ZINCEX process. The process is well suited for 
raw materials such as zinc silicate ores and 
 secondary zinc bearing materials such as electric 
arc furnace dust containing halides. 

 Any future innovations will be driven by 
energy savings: Some examples are:

    1.    New amorphous-coated titanium anodes—
recently pioneered in the copper EW area by 
Freeport and Outotec/Doshisha University.   

   2.    Real-time cell voltage or current monitoring.      

16.5.3     Electrorefi ning 

 In the electrowinning of zinc from its sulfate 
electrolyte, the overall cell voltage is around 3.2–
3.5 V. Out of this about ~1.0 V is for the anode 
reaction for the evolution of oxygen. Any innova-
tion wherein the anode voltage can be reduced 
considerably—either by using a new anode mate-
rial or a change in the anode reaction by the addi-
tion of some reagent will go a long way in 
reducing the cell voltage and the energy used for 
the electrowinning of zinc. Of course, the change 
also has to be economically feasible.  

16.6     Innovations in the Process 
Metallurgy of Other Metals 

 Innovations in the extractive metallurgy of vari-
ous other metals are described in some detail in 
the Proceedings of the Symposium on “Mineral 
Processing and Extractive Metallurgy—100 
years of Innovation” published by SME in 2014 
(Anderson et al.  2014 ). 

 The other metals covered in this Symposium 
Proceedings are:

    1.    Gold and Silver Extraction and Recovery.   
   2.    Nickel and Cobalt—hydrometallurgy.   
   3.    Bayer’s process for Alumina production—

still the workhouse with various improve-
ments—since its discovery in 1888.   

   4.    Rare Earth—Hydro and pyrometallurgy.   

   5.    Biohydrometallurgy—described in Chap. 6.   
   6.    Uranium process metallurgy.     

 A review of the metallurgical processes 
developed in the last 100 years shows that con-
siderable progress has been in the area of extrac-
tive metallurgy. Some processes have been 
“evolutionary” and others have been “revolu-
tionary.” Some examples of successful innova-
tions are:

    1.    Flash and bath smelting for copper 
concentrates.   

   2.    Solvent extraction for low-grade copper ores.   
   3.    Cyanidation and carbon-in-pulp (CIP) and 

carbon-in-leach (CIL) for gold production.   
   4.    Bayer’s process for production of smelter- 

grade alumina (the workhorse of aluminum 
industry since 1888).   

   5.    Hall–Heroult electrolytic process for produc-
tion of aluminum (the work horse of alumi-
num industry since 1889).   

   6.    Pressure hydrometallurgy for zinc concen-
trates, copper concentrates, refractory gold 
ores, and nickel laterite.     

 Hydrometallurgical processes have met the 
challenge from pyrometallurgy in the production 
of certain metals. The reasons for this were (a) to 
reduce energy costs and (b) meet regulations on 
waste emissions from the gas streams.  

16.7     Chloride-Based Chemistry 

 Chloride-based chemistry has been successful in 
production of titanium and magnesium and has 
been well documented in literature. 

 An innovative disruptive technology has been 
developed by Process Research Ortech Inc. 
(PRO) for the production of pigment-grade tita-
nium dioxide from low-grade ilmenite ores. The 
fl ow sheet includes mixed chloride leaching 
using HCl–MgCl 2  based lixiviant, selective 
removal of Fe by solvent extraction, thermal pre-
cipitation of TiO 2 , and reagent recycle. The pro-
cess along with fl ow sheet is described in detail in 
Chap. 18. 
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 Historically, Ni–Co matte from Falconbridge 
(now Glencore) was leached with chlorine in their 
Norway plant; Ni and Co were separated using 
solvent extraction and the respective metals recov-
ered by electrowinning. Sumitomo Metal Mining 
Co., Ltd (SMMC) treats mixed Ni–Co sulfi de pre-
cipitate from laterite ores using the Matte Chlorine 
Leach-Electrowinning Process at their Niihama, 
Japan plant. Also, the Ni–Co sulfi de precipitate 
produced at Coral Bay Nickel Corporation, 
Philippines is being processed to nickel and cobalt 
at the Niihama by the chlorine leach process.  

16.8     Ammonia Leaching 

 Ammonia leaching for treating Ni–Co concen-
trates was developed by Sherritt. However, these 
lixiviants have not been competitive for produc-
tion of “tonnage” copper or lead. 

 Demonstration plants—built to evaluate 
chloride- based chemistry. 

 CYMET’s chloride leaching and Aribiter’s 
ammonia-based leaching for the production of 
copper were not successful on a commercial 
basis due to operational and economic issues.  

16.9     Process “Intensifi cation” 
in Process Metallurgy 

 “Intensifi cation” means (a) increased production, 
(b) lower costs, and (c) environmental improve-
ments using the “existing” equipment with some 
changes in the process steps. It could also imply 
the replacement of multiple units with one prop-
erly sized big unit and/or conversion of a batch or 
multistage process into a continuous process. 

 Some examples of common threads among 
process intensifi cation are:

•    Use of tonnage oxygen  
•   Improved process understanding and control  
•   Advances in furnace integrity    

 The use of oxygen enrichment to increase pro-
duction is well known and not described here. 

 Improved process understanding and control 
consists of:

    1.    Proper management of knowledge   
   2.    Use of process visualization tools such as: (a) 

mass and energy balance, (b) FACTSage- 
METSIM Interface (both trade mark names), 
(c) molten phase properties, and (d) CFD 
and FEA modeling. Process control involves 
online feed analysis and use of sensors.     

 Advances in furnace integrity have played a 
key role in process intensifi cation. They can be 
summarized as:

•    Refractory improvements such as materials, 
installation, and operation.  

•   Cooling blocks—material selection and cast-
ing quality  

•   Improvements in tap holes thereby increasing 
furnace campaign lives  

•   Process telemetry and understanding and its 
use in predicting performance of cooling jack-
ets, tap holes, etc.    

 Details of process intensifi cation have been dis-
cussed in some depth in his paper titled: “Process 
Intensifi cation in Pyrometallurgy” (Stephens  2005b ).  

16.10     Innovative Ideas for Solution 
of Environmental Issues 

 Environmental awareness has been one of the 
most dramatic drivers in developing innovative 
ideas to minimize pollution of atmosphere and 
water. Some major advances are listed below:

    1.    Sulfur dioxide
•    Emissions of SO 2  have decreased consider-

ably since the 1980s  
•   Sulfur capture has increased from 90 to 98 %  
•   Highest sulfur capture—99.9 % (equiva-

lent to 3.5 kg/t of copper)  
•   Advances in acid plant technology now 

produce tail gas with <100 ppm SO 2  (stan-
dard is 650 ppm)  
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•   Acid plant tail gas scrubbing reduces SO 2  
emissions to 40–60 ppm      

   2.    Heavy Metals
•    Mercury and selenium removed from gas 

streams  
•   Other impurities bled through dusts; dusts 

treated by hydrometallurgical processes to 
fi x impurities in a stable form      

   3.    Particulates
•    Wet Electrostatic Precipitator        

 The cleaning up of air always results in water 
pollution—not to mention bleed streams from 
hydrometallurgical process plants. This has 
resulted in development of innovative water treat-
ment schemes to remove undesirable impurities. 
The treated water is either recycled back into the 
plant or discharged under an environmental per-
mit. Considerable work has been done to develop 
“zero water discharge” treatment plants to con-
serve water—a valuable commodity in the min-
ing and metallurgical industry today.  

16.11     Summary 

 In summary, innovations in the extractive metal-
lurgy industry have had a pretty good run for the 
last 100 years and are reaching a plateau in the 
development of new and innovative processes. It 
is believed that future innovations are expected to 
be more “evolutionary” rather than “revolution-
ary.” For example, the development of Ni pig iron 
in China using old iron blast furnaces and laterite 
as feed was mainly due to the rising cost of nickel 
for the production of stainless steel. 

 In the last 100 years, the corporate Research 
and Development (R&D) has been the prime 
mover for generating new ideas. The active coop-
eration and alliance between engineers and cor-
porate management was an important factor in 
developing an innovation portfolio. However, 
execution of innovative ideas for a process is a 
very different problem. Successful implementa-
tion needs considerable fi nancial support and 
cheer leading—in the form of a champion—from 
the corporate management. 

 The demise of dynamic research organizations 
has been a major setback in the development of 
innovative processes and a cause for concern. It is 
a wake-up call to the leaders of all the metallurgi-
cal industries to channelize efforts and resources 
to build and/or rebuild an ongoing, vibrant R&D 
department to generate new innovative processes 
for improving the company’s bottom line and for 
the benefi t of society. The project should be titled: 
“Technology for Survival.”     
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17.1  Introduction

The current trend in the steel industry is an
increase in iron and steel produced in electric arc
furnaces (EAF) and a gradual decline in conven-
tional ironmaking from blast furnaces in the USA
which employ iron ore pellets made from
Minnesota taconite iron ore. Currently, iron ores
from Canada, Minnesota, and Michigan are pel-
letized and shipped to the lower Great Lakes
ports as blast furnace feed. The existing transpor-
tation system and infrastructure is configured to
handling these bulk materials. In order to expand
the opportunities for the existing iron ore mines
beyond their blast furnace customer base, a new
material is needed to satisfy the market demands
of the emerging steel industry while utilizing the
existing infrastructure and materials handling
capabilities.
Several processes have been proposed as

alternatives to blast furnace ironmaking and sig-
nificant activity on a worldwide basis continues

in developing these alternative ironmaking
processes. Mesabi Nugget LLC recently com-
mercialized Kobe Steel’s ITmk3 (Kobayashi
et al. 2001; Hoffman and Tsuge 2004; US
Department of Energy et al. 2004) process by
producing “iron nuggets” in a 500,000 mt/year
plant in Hoyt Lakes, Minnesota. A pilot plant
campaign has also been demonstrated outside of
Tokyo, Japan using JFE Steel’s Hi-QIP process
(Sawa et al. 2000; International Report Japan
2001; Ishiwata et al. 2004). As with any new pro-
cess or technology, much opportunity exists for
further cost reduction and continued quality
improvement to create added incentive for com-
mercial development.
The University ofMinnesota Duluth—Natural

Resources Research Institute has been develop-
ing an advanced ironmaking technology in con-
junction with one of the leading US EAF steel
producers. The development, first funded by the
University and the US Economic Development
Administration and subsequently by the US
DOE, has been summarized in a technical report
entitled “Next Generation Metallic Iron Nodule
Technology in Electric Arc Steelmaking—Phase
II,” DE-FG36-05G015185, US Department of
Energy (Fosnacht et al. 2010). The process,
developed by NRRI, considered for commercial
development uses a specialized linear furnace
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design (LHF) with oxy-fuel combustion that
affords several process and environmental advan-
tages. Further expansion of the capabilities of the
oxygen-fuel combustion to utilize pulverized
solid fuels for ironmaking technologies, includ-
ing carbon char produced from woody biomass
or agricultural products, affords unique opportu-
nities with respect to carbon neutrality and
reduced greenhouse gas (GHG) emissions. The
LHF to NRI process uses fine iron oxide concen-
trates rather than fired pellets as required in the
most prevalent gas-based, shaft DRI (direct
reduced iron) systems in use today.
The work reported in this chapter focuses on

demonstrating the application of various process-
ing parameters including: oxygen-fuel combus-
tion technology, various atmosphere control
methods and mix designs, and the use of alterna-
tive reductants produced from biomass while
employing the best technology and processing
conditions for converting iron oxide resources to
high-quality Nodular Reduced Iron (NRI). The
resulting product will: (1) contain less gangue,
(2) contain less sulfur, (3) be more resistant to
reoxidation, and (4) use the existing transporta-
tion infrastructure and material handling systems.
High-quality NRI potentially can be universally
acceptable feedstock across the steel industry,
electric arc furnace (EAF), submerged arc fur-
nace (SAF), basic oxygen furnace (BOF), iron
foundries, or as supplementary iron units to the
blast furnace (BF).

17.2  Background

17.2.1  The Scientific and Technical 
Merit of the Technology

Currently, most ironmaking processes require
agglomeration with induration and sintering of
iron-bearing materials prior to processing into an
alternative iron product, especially if the iron-
bearing material is a very fine material. The iron
ore materials from the United States and Canada
fall into this category of iron-bearing material.
The process of converting iron ore or iron-bearing
waste oxides to metallic iron containing between

2 and 4 % carbon has been developed by others
over the course of the last decade. The technol-
ogy differs from that of Midrex/Kobe or JFE in
that a linear hearth furnace concept is considered
instead of the rotary hearth technology of other
developers.
For this application, oxygen-fuel burners offer

many advantages over air-fuel burners. They are
inherently more stable throughout a wide range
of operating conditions and excess oxygen. They
provide good turndown performance. They can
be designed and operated to produce either com-
pact, high velocity, low luminosity flames, or,
long, highly luminous, low velocity flames.
Oxygen-fuel burners can produce a wide range of
oxidizing or reducing products of combustion
streams.
Oxygen-enriched combustion can:

• Increase efficiency. Flue gas heat losses are
reduced because the flue gas mass decreases
as it exits the furnace. There is less nitrogen to
carry heat from the furnace.

• Decreased emissions. Certain burners and
oxy-fuel fired systems can achieve lower lev-
els of nitrogen oxide, carbon monoxide, and
hydrocarbons.

• Improve temperature stability and heat trans-
fer. Increasing the oxygen content allows
more stable combustion and higher combus-
tion temperatures that can lead to better heat
transfer.

• Increase productivity. When a furnace has
oxygen-enriched burners installed, throughput
can be increased for the same fuel input
because of higher flame temperature, increased
radiative heat transfer to the load, and reduced
flue gas.

• Localized atmosphere control. The velocity of
the products of combustion are reduced by an
order of magnitude by eliminating the nitro-
gen content and subsequent gas velocity asso-
ciated with typical air-fuel combustion
systems.

One distinct advantage of this technology is
that it can utilize solid fuel rather than natural
gas, where the cost and/or the effect of the

D.R. Fosnacht et al.



329

combustion products on the furnace gas
atmosphere are problematic. The technology
development has focused on providing the neces-
sary heating requirements to the endothermic
process through employment of oxygen-fuel and
oxygen-coal combustion. In furnaces governed
by convective heat transfer, the furnace gas
velocity might drop because the convective heat
transfer coefficient might decrease in a larger
proportion than the increase in gas temperature.
If this happens, the conversion would do little to
increase the overall heat transfer, so reducing flue
gas temperature to pre-conversion level may not
be possible.
The test program was initiated using a labora-

tory tube furnace with subsequent testing in a
slightly larger box furnace. Over 6000 laboratory,
pilot and demonstration scale tests have been
conducted over the course of the development,
which was initiated in 2001. Major parameters
investigated included such raw materials as:

1. Taconite iron ore concentrates with different
levels of silica content,

2. Various carbonaceous reductants including
Eastern anthracite, low-, medium-, and high-
volatile bituminous and Western subbitumi-
nous coals as well as their carbonized char
and coke,

3. Various additives, such as balling binders and
some specific additives for slag fusion tem-
perature reduction and iron nodule sulfur
control.

Tests were conducted in three furnaces of
increasing size including: a laboratory tube fur-
nace of conventional design, a specially designed,
electrically heated, batch, two-zone box furnace,
and a larger gas-fired, semi-continuous, pusher-
type, linear hearth furnace with three heated
zones and a cooler. Furnace operating conditions
included temperature, residence time, furnace
atmosphere, hearth layer materials, iron nodule,
and slag chemistries as well as iron nodule size.
Amajor difference between the test conditions of
the three-zone LHF and a two-zone, electrically
heated box furnace is the high CO2, low CO con-
centrations, and the high turbulence of the burner

combustion products. From computational fluid
dynamics (CFD) modeling of the LHF, the fur-
nace gas was noted to be circulating vigorously
within each zone, and while the temperature at
the surfaces of trays in Zone 3 was relatively uni-
form 1427 °C (2600 °F), furnace gas velocities
approached 1–3 m/s (3–10 ft/s) in localized
regions at tray level. In the box furnace, on the
other hand, the furnace gas velocities were esti-
mated at as much as two to three orders of mag-
nitude less, 0.03–0.003 m/s (0.1–0.01 ft/s).
Furnace atmosphere profoundly influenced the
temperature and residence time needed to form
fully fused iron nodules. Increasing concentra-
tions of CO2 resulted in reoxidation of reduced
iron and FeO-rich slags, creating high sulfur con-
tent. Higher temperatures improved the fusion
behaviors of iron nodules, which became less
sensitive to the presence of CO2 above 1400 °C. In
laboratory tests, fully fused iron nuggets could be
formed at as low as 1325 °C (2417 °F) under a
N2-CO atmosphere, and sulfur in iron nuggets
could be decreased to less than 0.01 %. Thus,
from both a product quality standpoint and from
an operating standpoint, furnace atmosphere con-
trol becomes a key control variable and must be
considered in design of the overall furnace oper-
ating conditions.
The choice and amount of addition of carbo-

naceous reductants was found to be an important
factor in iron nodule formation. While anthra-
cite, low- and medium-volatile bituminous coal
as well as coke worked well both in dry balled
feed and a feed without prior agglomeration,
subbituminous coal was totally unsatisfactory in
balled mixtures, and its char generated inordi-
nately large amounts of micro-nodules under
similar conditions. The optimum level of carbo-
naceous reductants was determined to be
75–85 % of the stoichiometric requirement for
metallization for the reaction mixture, based on
fixed carbon analyses, when the furnace atmo-
sphere consisted of N2-CO mixtures.
Certain additives were found to be effective

for lowering the fusion temperature of NRI,
while some other additives lowered sulfur in iron
nodules to as low as less than 0.01 %. The
generation of micro-nodules, which need to be
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recycled, had been a drawback to the newly
developed approach, but proprietary methods to
control the generation of micro-nodules have
been developed (see Appendix).

17.2.2  Innovation, Originality, 
and Feasibility 
of the Technology

17.2.2.1  Linear Hearth Furnace Design 
Considerations

The alternative processes previously described
utilize a Rotary Hearth Furnace (RHF) design,
where the NRI process makes use of a Linear
Hearth Furnace (LHF) that affords some unique
opportunities:

1. The LHF creates an exit end which provides
opportunity to recuperate sensible heat in a
heat recuperation zone that cannot be done
with an RHF. Combustion gas exhaust tem-
perature in the LHF will be lower (inherent
“self” recuperation) than in the RHF, since
the exhaust gas duct will be located away
from the hot fusion zone.

2. The LHF has the advantage of the charging
and discharging being accomplished outside
of the kiln, in a more accessible location.
External charging and discharging has the
added advantage of simplified dust control,
outside of the kiln.Additionally, under ambi-
ent conditions for unloading, the product,
slag, and hearth layer can be removed mag-
netically, dumped, scraped, vacuumed, or
with a non-cooled auger—options not avail-
able in the RHF, where the only practical dis-
charge mechanism is an expensive
water-cooled screw taking all material off at
one time.

3. It is a simple matter to incorporate an in-line
drying zone with the LHF, utilizing recoup-
heat from the process; this cannot be done
directly with an RHF.

4. The LHF affords segregation of combustion
gas atmosphere from reducing atmosphere in
reduction/fusion zones. This would be very
difficult to engineer, build, and maintain in
an RHF.

5. For all but very large RHFs, the product is
not symmetrically loaded and side to side
uniformity is affected. This causes the pro-
duction tonnage to be greater at the outer
diameter than the inner diameter, requiring
asymmetrical application of heat. Exhaust
flow around the RHF tends to follow the
inner diameter.

6. The RHF is less efficient in building space
use and therefore more capital intensive. An
LHF can be constructed on grade, whereas
the RHF requires an elevated hearth to allow
access to the inner circle of the furnace.

7. Uniform feeding, product removal, and tem-
perature distribution have to be considered in
the RHF. Symmetrical loading affects side to
side uniformity. Also, exhaust flow around
the RHF tends to follow the inner diameter.
An LHF is simply more uniform. In addition
to the side to side uniformity discussed
above, the co-current flow from hottest to
coolest product is more easily controlled in
an LHF. Since the charge and discharge are
adjacent in an RHF, any seal that is less than
100 % at this point allows exhaust flow to
short circuit between these two points.

8. A change in length requirements to obtain
increased production is an expansion option
for an LHF.

9. The LHF design facilitates the creation of
side by side reduction-smelting furnaces that
allow pallet cars to be shifted to the adjacent
furnace in a close and compact manner for
processing material in the reverse direction
in order to effectively increase facility
productivity.

10. The LHF has the capability to add and
remove hearth cars, in situ to perform refrac-
tory maintenance, without shutting down
and therefore increasing overall furnace
availability.

When a fuel is burned, oxygen in the combus-
tion air chemically combines with the hydrogen
and carbon in the fuel to form water and carbon
dioxide, releasing heat in the process.Air is made
up of 21 % oxygen, 78 % nitrogen, and 1 % other
gases. During air-fuel combustion, the chemi-
cally inert nitrogen in the air dilutes the reactive
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oxygen and carries away significant amounts of
the energy in the hot combustion exhaust gas. An
increase in oxygen in the combustion air can
reduce this energy loss in the exhaust gases and
increase heating system efficiency.

17.2.2.2  Oxygen-Fuel Combustion 
Systems

Oxygen-fuel burners can produce a wide range
of oxidizing or reducing products of combus-
tion. The burners can be designed and operated
to produce either compact, high velocity, low
luminosity flames, or long, highly luminous, low
velocity flames. For the LHF, an oxygen-fuel
burner capable of producing an optimum atmo-
sphere in the furnace, along with low emissions
and a low momentum, highly radiant flame, is
the desired goal.
The principle of CO2 capture by oxy-fuel

combustion is to burn fuel with oxygen rather
than air so that the flue gas consists mainly of
CO2 and water vapor with little nitrogen. When
CO2 capture is not required, oxygen-firing is
inherently more expensive than combustion with
air using current state-of-the-art technologies.
Potential advantages of oxygen-firing deriving
from smaller equipment size are offset by costs
related to cryogenic air separation and flue gas
recycle necessary to maintain acceptable temper-
ature levels in the equipment (boiler/heater/gas
turbine). New and lower cost oxygen production
methods are under active development which
means that the overall cost of oxygen-fuel con-
cepts, i.e., those using flue gas recycle, should
fall significantly. Combustion in pure oxygen or
in oxygen-enriched air in special high tempera-
ture furnaces is widespread in the metallurgical,
glass, and other industries, and therefore the
operational and safety issues of oxygen combus-
tion are well understood (US Department of
Energy 1993; Riley et al. 2001).

17.2.2.3  Oxygen-Biomass Combustion
Biomass as an energy source has several impor-
tant advantages. Renewability and an infinite list
of plant, by-products, and waste materials that
can be used as feedstock are very attractive fea-
tures. Also, biomass consumes atmospheric CO2 

during growth and therefore may have no net
generation of CO2 and therefore no negative
impact on greenhouse gases. Wood is a clean and
renewable fuel which, compared to coal, contains
little ash, sulfur, and nitrogen, it is not an ideal
fuel for gasifiers. Its optimum gasification tem-
perature is rather low (below 700 °C) due to the
high O/C ratio. As a result, wood is generally
over-oxidized in gasifiers leading to thermody-
namic losses. It is possible to reduce these ther-
modynamic losses by prior thermal pre-treatment
in the range of 250–300 °C, i.e., wood torrefac-
tion. If the heat produced in the gasifier is used to
drive the wood torrefaction reactions, the chemi-
cal energy preserved in the product gas has been
shown to increase provided that both torrefied
wood and volatiles are introduced into the gasifi-
cation process (Veranth and Krishnamoorthy
2002; Prins 2005). In addition, the char produced
from torrefaction potentially can be a good carbon
and hydrogen source for iron ore reduction either
through gasification or direct use of the char. The
opportunity exists to use torrefied woody biomass
or agricultural by-products as low cost carbon-
neutral fuels for iron production using existing
technology for oxy-fuel combustion and pulver-
ized coal-firing techniques. In addition to the ben-
efits afforded by the concentration of CO2 gas, the
woody biomass products are also relatively free
of sulfur oxides, creating more opportunities for
CO2 capture technologies.

17.2.3  Potential Energy, Carbon 
Emissions Reduction, 
and Environmental Benefits

The total energy requirement for a competitive
technologywas estimated at 16,282MJ/t (14.0MM
BTU/st). This compares favorably with recently
published data of the ITmk3 demonstration proj-
ect of 15,689 MJ/t (13.49 MM BTU/st) (Hansen
2005). An analysis for the proposed LHF process
led to overall energy savings of 3,489–5,815MJ/t
(3–5 MM BTU/st-MIN), or 23–37 % reduction
over competitive processes. This benefit is in
addition to reported energy savings of 30 % for
similar technologies over the current integrated
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steelmaking process(Kobayashi et al. 2001; 
Hoffman and Tsuge 2004). Furthermore, the pro-
posed technology reduces emissions over
ITmk3’s reported reduction in emissions of more
than 40 %(US Department of Energy et al. 2004).
The principle is to burn fuel with oxygen

rather than air so that the flue gas consists
mainly of CO2 and water with little nitrogen.
Oxy-firing has the unique advantage to generate
an effluent stream of the necessary purity for
separation from this stream by simple water
condensation. In addition, replacing air-fuel
burners with oxygen-fuel burners is reported to
save natural gas by 50–60 % in a steel reheating
furnace (Riley et al. 2001). This fuel savings
can be directly related to reduced CO2 emis-
sions. Therefore, the principle behind CO2 
reduction is twofold: (1) reduced products of
combustion by reducing fuel requirements by
40–50 % and (2) the absence of nitrogen in the
combustion system makes the CO2 more avail-
able for capture by containment and reduced
separation requirements. Typical oxygen-fuel
combustion results in very high combustion
temperatures without the nitrogen diluent from
air. Recent designs of oxygen-fuel burners allow
for staging of the combustion oxygen deeper
into the flame zone and further out into the fired
chamber, thereby reducing flame temperatures.
This oxygen staging capability produces NOx 
emissions that are 80 % lower than conven-
tional, non-staged designs. In fact, NOX emis-
sions decreased from 2.5 kg to 0.4 kg/t
(5.0–0.8 lb/st) (84 % decrease) in a glass fur-
nace (US Department of Energy 1993).

17.2.4  Previous Laboratory 
Development

Tests were conducted in three stages: laboratory-
scale tests in a typical tube furnace, laboratory-
scale batch tests in a specially designed two-stage
box furnace, and pilot-scale, semi-continuous
tests in a three-zone, pusher-type, linear hearth
(LHF) furnace. During the course of the labora-
tory investigation, various combinations of vari-
ables were studied in order to determine the best
combination of mix chemistry and processing

conditions that would result in the production of
high-quality metallic NRI that contain little
residual gangue, possess low sulfur levels
(<0.05 %), and contain high amounts of carbon
(>2.5 %). The reduction of iron ore with coal and
fluxes is simple in concept, but various factors
must be controlled in order to effectively hit tar-
get chemistries and at the same time minimize
energy requirements and avoid potentially cata-
strophic processing problems (e.g., aggressive
slag attack on refractories and equipment).
Various phenomena occur in the process of
carbothermic reduction and these phenomena are
summarized in Table 17.1.

17.2.4.1  Laboratory Tube  
Furnace Tests

The test program was initiated using a tube 
furnace with a 50.8 mm diameter×1168 mm
long mullite tube, which takes 25.4 mm
wide×101.6 mm long and 25.4 mm high graphite
boats. This furnace is capable of achieving 

Table 17.1 Sequence of events

Event Description

Mixture temperature
range

°C °F

1 Dehydration of free
water

100 212

2 Emission of volatile
matter from coal

350–500 662–932

3 Dehydration of bound
water from Ca(OH)2

427 800

4 Reduction of
magnetite and
hematite to iron

>827 >1521

5 Calcination of calcium
and magnesium
carbonates

~848–
900

~1558–
1652

6 Melting of fayalite
(2FeO·SiO2)

1177–
1204

2150–
2200

7 Melting of carbon
saturated iron

1150 2102

8 Melting of slag (CaO,
MgO, Al2O3, SiO2)

>1311 >2392

9 Melting of wustite
(depending on
dissolved oxygen
content)

1373
through
1426

2503
through
2599

10 Melting of fluorspar ~1418 ~2584

11 Melting of pure iron 1538 2800
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temperatures up to 1450 °C. These tests were
used to screen multiple test conditions for use in
subsequent laboratory box and pilot plant linear
hearth furnaces. To control the furnace atmo-
sphere, N2 and CO were supplied to the combus-
tion tube via respective rotameters. Tests were
carried out with a mixture consisting of N2 and
CO mixture at 2 and 1 L/min, respectively.
Various raw materials have been investigated:

1. Multiple forms of iron oxide such as different
magnetite concentrates with different levels
of silica content, natural hematite ore, and
multiple waste oxides from industrial plant
operations;

2. Carbonaceous reductants including Eastern
anthracite, low-, medium-, and high-volatile
bituminous coals, Western subbituminous
coals including their carbonized char, coke
and coke breeze, and biomass-derived carbon
sources;

3. Different additives, such as balling and bri-
quetting binders and some specific additives
for slag fusion temperature reduction and NRI
sulfur control.

In addition, furnace operating conditions,
such as temperature and time at temperature, fur-
nace atmosphere, hearth layer materials, NRI and
slag chemistries as well as NRI size, were varied.
Taconite iron ore concentrates with different lev-
els of silica indicated that magnetite concentrates
with 6 % SiO2 produced NRI more readily than a
more expensively produced flotation concentrate
of 4 % SiO2, or super-concentrate of 2 % SiO2.
The choice and amount of addition of carbo-

naceous reductant was found to be an important
factor in quality NRI formation. While anthra-
cite, low- and medium-volatile bituminous coal
as well as coke worked well, Powder River Basin
(high-volatile subbituminous) subbituminous
coal was totally unsatisfactory with agglomer-
ated (briquette or pellet) mixtures due to low
strength development. Subbituminous coal char
resulted in generating inordinately large amounts
of micro-NRI (−2.54+0.85 mm) when used in
stoichiometric amounts under similar conditions.
As a result, the optimum level of carbonaceous

reductants was determined to be 75–85 % of the
stoichiometric requirement for NRI formation,
based on fixed carbon analyses and minimum
generation of micro-NRI, when the furnace
atmosphere consisted of N2-CO mixtures and a
carbon hearth layer was used.
Certain additives were found to be effective

for lowering the fusion temperature of NRI,
while some other additives lowered sulfur in NRI
to as low as less than 0.01%. Furnace atmosphere
profoundly influenced the temperature needed to
form fully fused NRI. Increasing concentrations
of CO2 required higher temperatures, but the
fusion behaviors of NRI became less sensitive to
the presence of CO2 over 1400 °C. The labora-
tory apparatus used for the studies are shown in
Figs. 17.1 and 17.2. The tube furnace was used to
screen variables and the box furnace was used to
confirm test conditions on a larger scale.

17.2.4.2  Laboratory Box Furnace Tests
Laboratory investigations were followed up from
the tube furnace trials using an electrically heated
box furnace. This furnace shown in Fig. 17.2 
consisted of two 304.8 mm×304.8 mm
×304.8 mm heating chambers with the two
chambers capable of controlling temperatures up
to 1450 °C independently, preceded by a water
jacketed cooler (which is used as the feeding and
cooling chamber for products), separated by a
manually controlled flip door. This furnace
accepts a 127 mm wide×152.4 mm
long×38.1 mm high graphite or ceramic fiber
board trays. To control furnace atmosphere, N2,
CO, and CO2 were supplied to the furnace in dif-
ferent combinations via respective rotameters.
Total gas flow could be adjusted in the range of
10–50 L/min. In most tests, graphite trays were
used, but in some tests, trays made of fiber board
with a thickness of 12.7 mm were used. After
introducing a tray into the cooling chamber, the
furnace was purged with a gas, typically a mix-
ture of N2 and CO at 18 and 2 L/min, respectively,
for 15 min to expel the air when a tray was intro-
duced into the cooling chamber. Initially, the tray
was pushed just inside of the flip-up door, held
there for 3 min for preheating, then pushed into
the first chamber, held at 1149 °C for 5 min, and
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then pushed into the second chamber, held at
1400 °C for selected periods of time. After the
test, the tray was pushed to the back of the flip-up
door and held there for 3 min, and then into the
cooling chamber. After cooling for 10 min, the
tray was removed from the cooling chamber for
visual inspection to see if NRI was formed.

It was found that various sizes of NRI could
be routinely produced, ranging from 8.38 to
63.5 mm. Box furnace tests provided an opportu-
nity to further develop methods which showed
promise in controlling the generation of micro-
NRI and for achieving desired sulfur levels in the
metallized product.Amajor emphasis was placed
in developing methods to produce larger-sized

Fig. 17.1 Laboratory tube
furnace

Fig. 17.2 Two-zone,
electrically heated
laboratory box furnace

D.R. Fosnacht et al.



335

NRI by feeding mounded raw material mixtures
in an attempt to circumvent costly agglomeration
and drying steps. Modifications of hearth materi-
als as well as proper selection of additives to feed
mixtures were studied. It was found that high-
quality NRI could be produced using non-
agglomerated mounds and various agglomerated
mixtures (pellets or briquettes) at smelting tem-
peratures <1450 °C. During the course of the
laboratory investigation, it was also found that
control of slag chemistry and the atmosphere
above the reduction mixtures was essential to
allow complete smelting of the iron oxides to
metallic iron and for separation of the gangue
components to an easily removable slag phase.
The atmospheres within the tube furnace and box
furnace were much less turbulent than that
encountered during pilot-scale testing in the
larger linear hearth furnace that will be discussed
later. In addition, the degree of mixing of the off-
gas from the reduction process was very low rela-
tive to a gas-fired furnace. These differences
proved to be very significant in evaluating the
actual performance. The laboratory tests were
extremelyuseful fordevelopingmixcompositions
and hearth carbon (carbon on refractory holding
reaction mixture) and cover compositions (car-
bon placed on top of mixture to protect reduced
metal) that could be employed at the next scale,
but these furnaces could not duplicate the condi-
tions that actually occurred in the larger gas-fired
linear hearth furnace.

17.2.4.3  Findings from  
Laboratory Tests

The optimum size of coal added as a reductant
was determined to be −0.210 mm to +0.149 mm.
Finer ground coal formed NRI just as effectively,
but the amount of micro-NRI increased some-
what. The use of coarser coal required increased
amounts of coal for forming fully fused NRI,
suggesting that a certain amount of fine coal was
necessary. Optimal size of coke or anthracite
char used as hearth materials was found to be
less than 2 mm.
Effective fluxing of the feed mixtures could be

achieved using manganese oxide and fluorspar
with a lime to silica ratio (1.5–1.7) that produced

a fusion temperature of the slag under
1400 °C. Other fluxes such as MnO and borax
were investigated, but fluorspar was found to be
most effective. It was also found that the height
of a reaction mound or the size of the agglomer-
ate was a very significant factor in controlling
total process time. This indicates that the time
needed for radiant heat transfer was significantly
impacted by the surface area exposed to the radi-
ant heat source. The mechanism for NRI forma-
tion was also investigated in some detail in the
laboratory studies. Formation of fully fused NRI
depends not only on the effectiveness of the radi-
ant and conductive heat transfer, but also on the
rate of carburizing of the sponge iron with carbon
coming from the hearth layer and also from the
cover layer. Briquettes heated at 1400 °C for dif-
ferent periods of time showed that slag was
observed to form initially at the bottom of the
agglomerates.

17.2.5  Linear Hearth Furnace

17.2.5.1  Description
The Linear Hearth Furnace (LHF) can be best
described as a moving hearth reduction furnace.
The furnace is 12.2 m long, consisting of three
individual heating zones and a final cooling sec-
tion (Fig. 17.3). The LHF has undergone several
stages of development, transitioning from a walk-
ing beam, natural gas-air fired furnace to one
with a continuous moving car system and three
distinct combustion systems that can be used
individually or in combination. It has routinely
been used to test a variety of the variables shown
to be important from tube and box furnace tests.
The primary goal of the program was to develop
sufficient understanding of the controlling vari-
ables associated with iron oxide reduction and
smelting using coal-based reductant. The research
has allowed sufficient knowledge to be developed
so that nodular reduced iron (NRI) can be rou-
tinely produced with low levels of tramp impuri-
ties using various carbonaceous reduction
materials. The laboratory furnaces allow very
precise manipulation of key variables under very
controlled experimental conditions. The LHF
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facility allows these basic studies to be expanded
to a significantly larger scale and to create bulk
samples of product for further testing. The condi-
tions studied in the course of this project have
shown that nodules of iron can be produced with
various additives and operating conditions by
manipulating the correct variables.

Atmosphere and Combustion: A major difference
between the laboratory tube and box electrically
powered furnaces and the LHF is the high turbu-
lence associated with the natural gas–air burner
combustion products. In the natural gas-fired
LHF, operating under sub-stoichiometric gas and
air mixtures simulates the required reducing con-
ditions for reduction and smelting. The resulting
furnace gas atmosphere contains a relatively low
ratio of CO:CO2 (approximately 1:5). Partially
metallized iron ore from the reduction zone
directly contacts the high CO2, low CO mixture,
and this action is further enhanced by the highly
turbulent furnace gas flow at high temperature as
this metallic material enters the melting zone.
Exposure of the partially metallized feed mix-
tures to this atmosphere causes rapid loss of
added reductant carbon and formation of high
FeO slag. The FeO content in the slag controls
the oxidation state, and consequently, makes sul-
fur removal to the slag less favorable. The fur-
nace atmosphere and the high FeO content of the

slag coupled with the operating temperature,
typically 1450–1550 °C as claimed in previous
patents, appears to lead to some difficulty in low-
ering sulfur in iron nodules to below
0.1%S. Processing of high sulfur nodules in the
EAF would lead to higher steelmaking costs and
extra energy use, as more slag forming com-
pounds would be needed to purify the steel. The
results indicate that atmosphere control in the
smelting section is extremely important for the
production of high-quality NRI.
A simple Computational Fluid Dynamic (CFD)

model of the furnace was built and used to demon-
strate the impact of nitrogen introduced using air-
fired burners, on turbulence in the furnace. Output
from the CFDmodel using air-fired burners shows
the velocity scale ranges from 0 to 2.5 m/s. With
the same level of energy input, and using oxygen
at 90 % purity, the velocity range is decreased to
0–0.8 m/s. This reduction of turbulence reduces
the interaction of high-CO2-containing furnace
gases and aids the metallization process efficiency.
As a result, the LHF furnace has been equipped
with three distinct combustion systems that can be
operated separately or in combination:

• Natural Gas-Air Fuel Combustion System
• Oxygen-Natural Gas Combustion System
• Dilute-Phase Pulverized Coal-Oxygen
Combustion System

Fig. 17.3 Pilot-scale
linear hearth furnace
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Thus, from both a product quality standpoint
and from an operating standpoint, furnace atmo-
sphere control is a key control variable and must
be a key parameter in design of the overall fur-
nace operating conditions. Various concepts for
atmosphere control were tested. One method that
was found to be very useful was to use a carbona-
ceous cover on top of the reaction mixture. This
effectively shielded the reaction mixtures from
the highly turbulent and oxidizing gas atmo-
spheres. Other control methods included use of
various reducing gas mixtures during the reduc-
tion stage of the process (>1093 to ~1250 °C).
Finally, the use of oxygen-fuel burners reduces
the volume of flue gas, thereby alleviating the
turbulence within the furnace and conserving the
energy associated with heating chemically inert
nitrogen(Fosnacht et al. 2004). Turbulence may
also be further reduced through flame shape
characteristics.

Oxygen-Fuel Burners: Natural gas-air fired linear
hearth furnace (LHF) tests generated high CO2 
(10 %CO2, 2–4 %CO) and highly turbulent fur-
nace gas as compared to the electrically heated
box furnace. This difference made it difficult in the
LHF to produce satisfactory iron nodules consis-
tently and the nodules produced often had sulfur
contents that were undesirably high (0.1–0.3 %S).
The LHF remodeled with an oxygen-fuel combus-
tion system was tested initially by comparing the
effect of oxygen-fuel and air-fuel burners on
fusion time using briquettes containing bitumi-
nous coal. The results show fusion time was
shorter by 10–30 % when oxygen-fuel burners
were used as compared to air-fuel burners. This
difference was directly related to the high turbu-
lence of the furnace gas with air-fuel burners and
their effect on the endothermic carbon solution
reaction. NRI quality at fusion time analyzed 3.0–
3.6 %C and 0.04–0.05 %S under the conditions
tested using the oxy-fuel burner systems.

Oxygen-Coal Combustion: A 590,343 kJ/h oxy-
gen-coal burner was positioned to fire horizon-
tally from the end of the furnace, down the length
of the LHF. The coal is fed by a variable feed
Acrison screw conveyor/hopper through an

eductor system for dilute-phase coal injection
into the burner. Oxygen is thenmonitored through
a Programmable Logic Control (PLC) system to
match coal addition and adjust stoichiometry.
Atmosphere control was investigated while
simultaneously controlling temperature by mini-
mizing airflow, operating the burner in a sub-
stoichiometric manner and controlling furnace
zone pressures to prevent heat transfer into adja-
cent zones. The installation resulted in the LHF
operating successfully on the oxygen-coal burner
system, controlling both atmosphere and temper-
ature. This was accomplished by reducing the
ratio of conveying air to coal with increased fuel
flow rates and using sub-stoichiometric oxygen-
gas burners to control oxygen content. The
oxygen-coal burner system was capable of con-
trolling the temperature of 1413 °C in Zone 3
while maintaining good atmosphere control for
the production of NRI. The coal type used was a
low volatile bituminous coal. A maximum load-
ing of 0.27 kg/min of coal or an equivalent of
507,063 kJ/h was used as a base energy load
while the oxygen-gas system was used to trim
and control the temperature. While the coal sys-
tem was in operation, the natural gas system was
operating at less than 10 % of full fire, and fre-
quently less than 1 % on a single burner.
For this project, the furnace was relined with

new firebrick refractories (see Fig. 17.4). In addi-
tion, the exhaust ducts from two zones (Zones 2
and 3) were consolidated to isolate the exhaust
gases to a single duct. This allowed process gases

Fig. 17.4 Refractory reline in zones 2–3 of the LHF
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to be directed co-current to the flow of the LHF
and the gas analysis to be concentrated to a single
stream for evaluation of the process emissions
under each of the combustion systems.
Figure 17.4 shows the finished refractory lining
just prior to staged curing.

17.3  Use of Alternative Fuels 
to Produce Nodular Reduced 
Iron Products

The energy intensity and greenhouse gas emis-
sions were evaluated in the linear hearth furnace
(LHF) using a solid fuel-oxygen fired combus-
tion system. The solid pulverized fuels are identi-
fied as coals and torrefied woody biomass char
materials. The successful production of high-
quality NRI provides opportunities for recycling
steelmaking waste products, diversification of
iron ore processing, and a new pure iron feed-
stock for the electric arc furnace steelmaking
industry, while affording unique opportunities
with respect to reducing greenhouse gas emis-
sions (GHG) while providing process advan-
tages. The objectives of the test work are
described below:

1. Establish the baseline energy and GHG inten-
sity of the nodular reduced ironmaking pro-
cess using standard air-fired natural gas
burners

2. Establish the energy and GHG intensity of the
nodular reduced ironmaking process using
oxygen-fired natural gas burners

3. Measure the energy and the GHG intensity of
the nodular reduced ironmaking process using
oxygen-fired solid fuel burners and a variety
of solid fuel types

4. Determine the feasibility of using thermally
processed biomass as a reductant carbon
source for advanced ironmaking

5. Evaluate the feasibility of using thermally
processed biomass as a fuel for oxygen-fired
solid fuel burners in the nodular reduced iron-
making process

All combustion systems, fuel types (natural
gas, coal, and bio-coal), and conditions were

tested. GHG were recorded during the produc-
tion of quality NRI from the baseline briquette
chemistry with a full furnace of anthracite 
char to simulate a true representation for the
performance.

17.3.1  Development 
of an Alternative Biobased 
Reductant Through 
Torrefaction

An investigation was undertaken to determine if
treated biomass could be used as a whole to par-
tial substitute for coal in the reduction process.
The reason was to have a material with less mer-
cury, sulfur, and gangue input that would reduce
the environmental consequences of a carbother-
mic reduction process.
Torrefaction is a relatively new technology

that partially carbonizes biomass, making it
moisture-free and friable. Torrefaction is a mild
pre-treatment of biomass at a temperature
between 200 and 300 °C under low oxygen con-
ditions to remove moisture, light volatiles, and
accumulate the carbon component. Torrefying
biomass has the potential to process diverse bio-
mass materials with different physical and chem-
ical properties and convert the materials into a
more uniform product with better handling and
processing characteristics. During torrefaction,
the biomass properties are changed to obtain an
enhanced fuel quality for combustion applica-
tions. Torrefaction of biomass is an effective
method to improve the grindability of biomass to
enable more efficient co-firing with fossil based
fuels. It can then be used as a complete, or more
likely partial, replacement for coal in pulverized
coal facilities.
The feedstock utilized for the creation of a tor-

refied solid fuel consisted of mixed hardwood
biomass donated by a company in Minnesota.
Woody biomass was chosen as the research feed-
stock due to its relatively low ash content and
ready availability in Northern Minnesota. The
feedstock was chipped and screened to
−9.525 mm (3/8″) before arriving at the Natural
Resources Research Institute (NRRI). The raw
woodchip moisture content was typically 7–10 %

D.R. Fosnacht et al.
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with a bulk density of approximately 200 kg/m3 
(12.lb/ft3). Hardgrove Grindability Index for the
raw wood chips was approximately 10–15, and
fuel value of the dried wood chips (as determined
by calorimetry) was 19.05 MJ/kg (8192 BTUs/
lb). Table 17.2 displays a screen analysis for the
wood chips.
Ash chemistry for the woodchip feedstock can

be viewed in Table 17.3.
The raw woodchip feedstock was fed into the

torrefier apparatus to create the solid fuel used
in the LHF.

17.3.2  Calciner/Torrefier Apparatus 
and Testing Conditions

The continuous process consisted of a retrofitted
calciner unit. Dimensions of the reactor tube
were 178 mm (7″) in diameter by 9.53 mm (3/8″) 
wall thickness by 2134 mm (7″) in length. The
unit was fed through a variable frequency screw
auger and was electrically heated by three heat-

ing elements, each 2.5 kW. The reactor tube
could be rotated between 1.5 and 10 rpm.
Torrefaction gases were taken away via an air
blower and either condensed or flared.
Figures 17.5, 17.6, and 17.7 display the torrefier
diagram, a photo of the device, and the feeder/
temperature controller, respectively.
The torrefaction operating parameters included

feed rate, feedstock preprocessing, internal reac-
tor temperature, and reactor rotational speed and
angle. Feedstock sizing and moisture content,
along with the other operating parameters, were
held constant throughout each run with the excep-
tion of the reactor temperature. The baseline oper-
ating conditions were as follows:

• Feeder setting: Variable frequency drive set-
ting of 50 %

• Raw material throughput: ~10.9 kg (~24 lb.)/h
or [(0.18 kg (0.4 lb)/min)]

• Feedstock moisture content: ~7–9 %
• Drum rotational speed: 9 rpm
• Device alignment: 0.5° decline from feeder to
discharge end

Almost the entirety of the sample was pro-
cessed between 250 and 300 °C, with approxi-
mately 50 % or more being thermally treated at
275 °C in steady state. Figures 17.8 and 17.9 
below show the biomass before and after roasting
to produce the bio-char.

17.3.3  LHF Application and Testing 
Conditions

After thermally processing approximately
385.9 kg (850 lb.) of raw feedstock, the entire
sample was ground via an Allis Chalmers vibrat-
ing ball mill. Fineness was judged upon a plus/
minus sieve analysis. After thermally processing
and grinding, the sample was greater than 60 %
passing a 100 mesh sieve (0.149 mm). A sample
was cut and sent to Standard Labs, Inc. for a
chemical analysis. Table 17.4 displays the proxi-
mate and ultimate analyses of the ground torre-
fied biomass which is now bio-char.

Table 17.2 −3/8″Wood chip screen structure

Mesh (Tyler) Weight %
Cumulative %
passing size (%)

8 (2.38 mm) 22.5 77.5

10 (2.0 mm) 6.7 70.8

14 (1.41 mm) 17.1 53.8

20 (0.841 mm) 12.1 41.7

28 (0.595 mm) 12.5 29.2

100 (0.149 mm) 26.3 2.9

200 (0.074 mm) 2.1 0.8

−200 (0.074 mm) 0.8 0.0

Total 100.0 –

Table 17.3 Wood chips −9.53 mm (−3/8 in.) ash
chemistry

Compound Weight %

SiO2 5.54

Al2O3 0.88

CaO 51.67

MgO 5.59

Total C 0.89

Fe++ 1.65
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Non-heated Pipe

5'1' 1'

Electrically Heated Pipe

Roller

Flange

Electric Motor

Feeder

Fig. 17.5 Calciner torrefier device diagram

Fig. 17.6 Completed
rotary calciner/torrefier at
NRRI
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The ground torrefied bio-char was fed into the
linear hearth furnace (LHF) via a coal feeder, a
feed hopper, and an air conveyance system.

17.4  Comparison of Operating 
Results with Different Fuels 
and Reductants

17.4.1  LHF Operation with Alternative 
Solid Fuel Combustion

Coal types tested were an eastern medium vola-
tile bituminous coal, a southern high-volatile
bituminous coal, and western high-volatile

Fig. 17.7 VFD feeder and
temperature controller

Fig. 17.8 Raw feedstock −3/8″ wood chips

Fig. 17.9 Thermally processed bio-coal (275 °C)

Table 17.4 Bio-char proximate and ultimate analyses

As received Dry basis

Moisture content 4.52 % –

Volatile content 68.54 % 71.79 %

Fixed carbon 23.73 % 24.85 %

Ash 3.21 % 3.36 %

Sulfur 0.10 % 0.10 %

Carbon 53.55 % 56.09 %

Hydrogen 5.26 % 5.51 %

Nitrogen 0.17 % 0.18 %

Oxygen 33.19 % 34.76 %

BTU/LB 9150 9583

MJ/kg 21.283 22.290
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subbituminous coal. The bio-char solid fuel was
prepared using the torrefaction system previously
described to a dry solid weight loss (DSL) of
30 %. All baseline tests were conducted on bri-
quettes consisting of 73.5 % magnetite concen-
trate, 18.0 % medium volatile bituminous coal,
and fluxing components consisting of 6.5 %
hydrated lime and 2.0 % fluorspar. Results
showed that residence time increased slightly by
approximately 15 % when using solid fuel com-
bustion. This result was attributed to the loss of
radiant energy from the idled oxygen-gas burners
and difficulty in controlling atmosphere due to
the generation of CO2 and H2O from the convey-
ing airflow.
The use of thermally processed bio-char was

successful for the production of NRI, however,
the steady-state operation of the solid fuel-
oxygen burner system in the LHF required the

bio-char to be processed prior to use. The suc-
cessful use of the fuel was found to be dependent
on reducing the moisture content to less than a
few percent, and sizing the bio-char to a size dis-
tribution of −20 Mesh (−0.841 mm). The present
solid fuel combustion system uses an eductor to
convey the solid fuel, and with the current con-
figuration this system was prone to plugging. The
relatively small size of the pilot LHF prevents the
use of a larger diameter pipe to control the solid
fuel addition and minimize air contamination
within the furnace. It is believed that a larger sys-
tem on a more industrial scale would not exhibit
this phenomenon; however, a dense phase
conveyance system is desired to eliminate air
contamination. The trends for comparison of CO2 
emissions by individual zone in the LHF are
shown in Figs. 17.10, 17.11, 17.12, and 17.13. In
each case, the trend is representative of the full
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furnace cycle, including the feed vestibule and
the cooling section of the LHF.
These trends show the increased concentra-

tion of CO2 in the off-gases when firing the solid
fuels over the conventional air-fired system. In
addition, the emissions analysis shows an overall
57 % reduced CO2 reduction from the oxygen-
fired fuel options versus the air-based system, on
the basis of kg CO2/t of iron. The balances of the
gases are primarily CO, N2, and H2O. It should be
noted that the N2 and H2O content are estimated
on the basis of a dew point calculation with the
balance assumed to be N2. For the intent of this
study, N2 and H2O were assumed constant and
comparisons were made on a relative basis.
Although the use of solid fuels, including the
thermally processed bio-char, was successful for
the production of NRI, the configuration of the
burner system resulted in air contamination,

therefore minimizing the impact on reduced
GHG (kg CO2/mt) to 12–15 %. The oxy-solid
fuel combustion system uses an air swept eductor
to convey the fuel. Although the emission analy-
sis for the coal-based testing and the bio-based
tests were essentially equivalent within the error
capabilities of the equipment, the carbon foot-
print for the bio-based fuel is significantly lower.
Figure 17.14 shows a comparison of the average
CO2 production based on per metric ton of NRI
produced in the LHF.

17.4.2  Atmosphere Control Using 
Late Stage Bio-char Addition

Tests were conducted to evaluate the feasibility
of late stage addition of a coarse (+16 mm) bio-
char cover layer at a relatively high temperature
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~1260 °C (2300 °F) to modify the atmosphere in
the LHF during critical stages of fusion to
increase productivity. Previous work had shown
that the use of partial cover layer of carbon helped
protect the partially reduced iron products from
reoxidation by furnace gases, but the carbon
addition also reduced heat transfer rates to the
reaction mixture. The objective was to determine
if waiting to place the carbon layer until the bri-
quettes had reached a relatively high temperature,
and metallization of the iron was essentially com-
plete, would improve productivity on the
LHF. Previous testing determined that direct
exposure of the briquettes to radiant and convec-
tive heating without the cover layer will acceler-
ate both heat up and reduction. The addition of
the cover layer at this point has several
advantages.
The briquettes are less than 150 °C (300 °F)

below the temperature needed for fusion.

1. The reduction of the briquettes is largely com-
pleted, and therefore the endothermic reduc-
tion reaction is not absorbing energy.

2. Hot briquettes will accelerate the heating of
the cover layer and promote the Boudouard
reaction necessary to provide the high CO lev-
els needed to prevent back oxidation of the
iron.

3. The gases from the reduced mass have greatly
subsided, and a protective atmosphere is now
needed to prevent reoxidation of the reduced
iron.

The object of the tests was to determine if bio-
char could be substituted for coke or anthracite as
a cover layer. The feeder system delivered a uni-
form layer. It was observed that the char contained
a high amount of volatiles, about the same, or per-
haps a bit more, than we observed when western
US subbituminous coal was used as a cover layer
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in prior studies. The tests demonstrated that wood
char is an effective atmosphere cover layer and
has the potential to increase productivity by 15 %
based on processing times measured.

17.4.3  Bio-char as a Reductant

The tube and box furnace tests were used to iden-
tify the benefits of using bio-chars in the agglom-
eration mixture as a reductant. Results are
compared to results obtained at a residence time
of 5 min at 1400 °C for a baseline briquette com-
position. Briquettes were prepared using a com-
mon molasses binder (4 %). Each of the tests
conducted for comparison of the bio-char addi-
tion as reductant were done using the designated
L1.5 FS2 fluxing system described at the end of
this chapter.

17.4.3.1  100 % Bio-char Reductant
Box furnace tests indicated that the fusion behav-
ior using biomass-derived carbon reductant
resulted in significantly reducing fusion time by
over 30 % while reducing sulfur content of NRI
to 0.028–0.031 %. Prior results showed that a
stoichiometric ratio of 0.85–0.95 fixed C:Fe was
optimal for the production of quality NRI at low
sulfur concentration. Using biomass reductant at
comparable stoichiometric ratios increased the
volume of reductant carbon in the mix as a result
of the decreased fixed carbon and lower bulk
density. Coupled with the relatively high-volatile
matter in the bio-char, an increase in the genera-
tion of micro-NRI (−6 Mesh (3.36 mm) +20
Mesh (0.841 mm) fraction) was obtained.
Reducing the ratio to 0.75 resulted in decreasing
the amount of micro-NRI. The results of these
tests are shown in Table 17.5. These results are
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consistent with a study conducted for DOE
(Department of Energy), for biomass application
to the rotary hearth furnace, where replacing coal
with wood charcoal as reductant can provide
significant productivity gains, from 33 to 46 %, a
carbon source virtually free of net CO2 emissions
(Fruehan and Fortini 2004).
This shows that 100 % fused metallics can be

formed in about 60 % of the time when compared
to the baseline mix of 5 min to fusion at
1400 °C. However, these were primarily micro-
NRI. Carbon and sulfur analyses were not con-
ducted on sample mix at 85 % and at 100 %
stoichiometry due to an insufficient quantity of
actual NRI produced because of the high amounts
of micro-NRI. In addition, due to the relatively
low fixed carbon level (25–30 %) in bio-char,
significant quantities were required to achieve

the stoichiometric levels required. This reduced
the density of briquettes by 30 %, and therefore
reduced productivity of NRI.

17.4.3.2  Bio-char and Coal Reductant 
Blends

In an effort to reduce micro-NRI while attaining
the benefit observed with the bio-char reductant,
blends of bio-char with both medium and high-
volatile bituminous coal at 10, 30, and 50 % were
conducted. Two series of box furnace tests were
carried out at 75 and 85 % stoichiometric ratios
of fixed carbon to iron. Table 17.6 shows the
results of these tests.
This shows that 100 % fused metallics can be

formed with the same 85 % stoichiometric ratio
determined in previous testing, reducing resi-
dence time requirements by 30 %, reducing
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Fig. 17.14 Greenhouse gas emissions comparison by fuel type

Table 17.5 100% Bio-char test results

Bio-coal % stoichiometry B2 Time at 1400 °C min Micro-NRI (%) % C % S

65 1.85 5.5 0 2.93 0.031

75 1.87 5 7.3 2.83 0.028

85 1.89 3 43.5 NA NA

100 1.92 3 96.7 NA NA
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sulfur content while increasing briquette density
proportionately with the amount of bio-char and
coal addition.
For comparison, blends were also made from

the bio-char with high-volatile bituminous coals.
Briquettes were prepared with the same
proportions of bio-coal to coal at 10, 30, and
50 % bio-coal and were tested in the box furnace
with both 75 and 85 % stoichiometric ratios.
Table 17.7 shows the test results of these blends.
Again, this shows that 100 % fused metallics

can be formed with 85 % stoichiometric ratio,
while also reducing residence time requirements
by 30 %. The amount of micro-NRI generated at
this ratio increased slightly over that attained
with the medium-volatile coal, indicating that the
generation of micro-NRI is proportional to the
amount of volatile matter contained within the
reductant. This is also consistent with a previous
study using high-volatile subbituminous coals as
reductant.

17.4.3.3  Micro-Nodule Generation
To further investigate the generation of micro-
NRI, a sequence of box furnace tests was con-
ducted at timed intervals with blends of bio-coal
and medium-volatile bituminous coal. Briquettes

prepared for previous tests ranging from 50 to
100 % bio-coal were heated at 1400 °C in a 10 %
CO atmosphere (balance N2) at 1-min intervals
up to 6 min. The products from the processing of
various mix chemistries noted in Table 17.8 were
sampled at various time intervals. The samples
were then magnetically separated and screened
on the standard 6.3 mm, and 20 mesh (0.833 mm)
sieves. The non-magnetic portion is reported as
slag. Table 17.8 shows the results of the interval
testing.
The data in Table 17.8 show that the genera-

tion of micro-NRI, defined as the %
−6.3 mm+20 Mesh (0.833 mm) size fraction,
occurs very early in the process. At the 2-min
interval, with 100 % bio-char micro-NRI
accounts for 35 % of the metallic portion of the
sample. It’s reasonable to assume that a portion
of these micro-NRI reform into metallic NRI
since, at the 3-min interval, all samples showed
some signs of micro-NRI; however, this portion
decreased in subsequent intervals. It’s also impor-
tant to note that the 100 % bio-char sample was
near full fusion at the 2-min time interval. In
addition to the work discussed above, other coal
types including high-volatile bituminous coal,
subbituminous coal, and char made from

Table 17.6 Bio-char with medium-volatile coal test results

Char % Coal % Stoich % B2 Time at 1400 °C min Micro-NRI (%) % C % S

10 90 75 1.54 10 0 3.34 0.030

30 70 75 1.58 7 0.2 3.20 0.030

50 50 75 1.63 6 0.7 2.95 0.029

10 90 85 1.53 5.5 0 3.21 0.025

30 70 85 1.57 4.5 0 2.81 0.025

50 50 85 1.62 3.5 0 2.66 0.024

Table 17.7 Bio-char with high-volatile coal test results

Char % Coal % Stoich % B2 Time at 1400 °C min Micro-NRI (%) % C % S

10 90 75 1.57 6.5 0 2.82 0.047

30 70 75 1.61 6 0 2.93 0.042

50 50 75 1.65 5 0 2.94 0.034

10 90 85 1.56 4 2.6 2.78 0.029

30 70 85 1.60 3.5 7.8 2.48 0.027

50 50 85 1.65 3.5 13.2 2.61 0.029
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subbituminous coal were investigated. The
results from these tests indicated that high-vola-
tile bituminous and char produced from subbitu-
minous coals can be substituted for medium
volatile bituminous coals.

17.5  Mass Balances on LHF 
Furnace Tests

Six mass balances, shown in Table 17.12, were
developed for furnace fuel tests. The mass
balances were based on inlet feed streams and as

such, serve mainly for relative comparison. Solid
feed (briquettes) loading and briquette composi-
tion were fixed, and furnace speed (residence
time) was changed as required to yield complete
NRI conversion.
Table 17.9 provides a summary of loading

conditions and components in the briquettes.
Feed rates to furnace were determined from mass
of briquettes per unit area and tray speed through
the furnace. For these balances, the feed was
assumed constant during the tests.
Table 17.10 provides composition information

for the molasses binder, both on a dry basis and

Table 17.8 Sequence of micro-nodule generation for various blends

% Bit.
coal % Bio-char

Time
(min)

Magnetics (%) Non-mag (%)

Observation+6.3 mm″
−6.3 mm
+20 M

−20 M
Slag

0 100 1 29.3 16.0 54.7 0.0 Not fused

0 100 2 16.3 35.1 48.6 0.0 Primarily
fused, partial
reduced iron

0 100 3 13.2 38.5 36.9 11.4 All fused

0 100 4 27.2 32.6 30.9 9.4 All fused

0 100 5 16.5 50.2 22.1 11.3 All fused

0 100 6 11.6 49.3 27.4 11.6 All fused

90 10 1 100.0 0.0 0.0 0.0 Not fused

90 10 2 100.0 0.0 0.0 0.0 Not fused

90 10 3 89.4 10.6 0.0 0.0 Not fused

90 10 4 82.4 10.6 0.0 17.6 All fused

90 10 5 82.7 0.0 0.0 17.3 All fused

90 10 6 85.3 0.0 0.0 14.7 All fused

70 30 1 100.0 0.0 0.0 0.0 Not fused

70 30 2 100.0 0.0 0.0 0.0 Starting to
show fusion,
primarily DRI

70 30 3 90.2 3.4 0.0 6.4 Some fusion,
primarily DRI

70 30 4 81.5 0.0 0.0 18.5 All fused

70 30 5 81.8 0.0 0.0 18.2 All fused

70 30 6 82.7 0.0 0.0 17.3 All fused

50 50 1 100.0 0.0 0.0 0.0 Not fused

50 50 2 100.0 0.0 0.0 0.0 Approx. ½
fused

50 50 3 75.7 9.6 1.4 13.2 Partially
fused, partial
reduced iron

50 50 4 82.4 0.0 0.0 17.6 All fused

50 50 5 80.2 1.9 0.6 17.3 All fused

50 50 6 81.3 0.0 0.0 18.7 All fused
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on a partially dried basis. Molasses was diluted
with nominal 25 % water. The briquettes were
dried, but in some cases might have absorbed
moisture during storage. The mass balance
assumptions included 5 % moisture remaining in
the molasses as fed to the furnace +1.2 % mois-
ture in the briquette reductant coal. On a total
mass basis, these assumptions result in 0.4 %
moisture in the briquettes as fed to the furnace.
Anthracite coal was used for hearth and cover

layers with a combined loading of 10.84 kg/m2 
(0.0154 lbs/in2).
Oxygen and natural gas flow rates were mea-

sured directly for all tests except the air-natural
gas test. In the air-natural gas baseline burner,
percent-of-full fire was recorded, and airflow was

determined using the same ratio of oxygen to
natural gas used in the oxygen-natural gas burner.
Natural gas and air flow were back calculated
from the percent-of-full-fire values for each
burner. Coal mass flow rates were measured, and
carrier air flow was determined pressure drop
over an orifice. Mass flows were determined from
these measurements to complete the inlet flow
into the furnace. Inlet feeds were broken down
into elemental components, C, H, O, etc. from
which a total elemental composition was deter-
mined and used in an equilibrium calculation to
determine flue gas composition. All reductant
carbon was assumed to gasify, except for 3 %
remaining in the briquettes. No hearth carbon
was assumed to gasify as there were no measure-
ments taken to indicate that hearth carbon losses
to furnace atmosphere occurred. Table 17.11 
gives an example for the bio-char test.
Equilibrium inputs shown in Table 17.11 were

used in FactSage software (FactSage
Thermochemical Software) to determine an equi-
librium gas composition at 1093 °C (2000 °F).
Table 17.12 contains a summary of these compo-
sitions. The carbon dioxide emissions were deter-
mined from these compositions. Estimated
energy contents in the flue gas based on hydrogen
and carbon monoxide are found at the bottom of
the table. The Testo gas analyzer measurements
for CO2 were also be compared, and plotted in
Fig. 17.15.
On a relative basis using the information from

Figs. 17.14 and 17.15 and Table 17.12, with the
Air-Natural Gas as the baseline, the following
observations are made:

(a) Oxygen-natural gas burners resulted in a
57 % reduction in carbon dioxide emission in
the flue gas.

(b) Oxygen-natural gas in combination with
solid fuels yielded a carbon dioxide reduc-
tion of 10–15 % relative to air-natural gas.

(c) The greatest reduction in fuel consumed
occurred for oxygen-natural gas–high-
volatile subbituminous coal at 62 % of the
air-natural gas baseline.

(d) Oxygen-natural gas condition demonstrated
a 52 % reduction in fuel relative to the air

Table 17.9 Baseline feeding conditions—briquette and
raw materials loading

Briquette loading conditions

Kg/tray 1.85

Briquette bed width (mm) 460

Briquette bed area (mm2) 209,012

Kg by component

Fe 0.89

SiO2 0.61

Al2O3 0.01

CaO 0.1

MgO 0.005

H2O Hydrate 0.028

CaF2 0.034

Molasses 0.07

Fixed C 0.22

Coal volatile and free water 0.07

Oxygen in solid iron oxide 0.34

Totals 1.84

Table 17.10 Binder components and addition

Molasses binder composition

Dry %wt. By component in briquette

Dextrose 9.45 Sugar % C 33.94

Glucose 5.36 Sugar % H2O 50.49

Sucrose 65.18 %Ash (slag) 1057

Fructose 8.88 Free water (final
after drying)

5.00

Ash 11.13 100.00

Totals 100.00

Mass weighted-free water in briquette, %wt 0.41
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Table 17.12 Mass balance and gas composition summary

Air-natural gas Oxy-Nat gas Bio-char Sub-bit. coal
Med-vol bit.
coal

High-vol bit.
coal

Natural gas MJ/mt
NRI

137,899 60,011 115,268 42,095 52,313 52,276

Reductant coal
MJ/Mt NRI

11,244 11,244 24,794 11,244 11,244 11,244

Solid carbon fuel
MJ/Mt NRI

18,308 2822 20,333 14,713

Total fuel
consumed, MJ/Mt
NRI

149,144 71,255 158,370 56,162 83,891 78,233

% Deviation from
air N. gas baseline

0.00 −52.22 6.19 −62.34 −43.75 −47.54

kg CO2/Mt NRI 3788 1605 3347 3215 3348

% Deviation from
N. Gas Fuel Rate

0.00 −57.63 −11.64 −15.12 −11.61 −14.97

Inlet mass, kg/min

Briquettes 0.3074 0.7173 0.6148 0.6148 0.6148 0.6148

Hearth & cover C 0.3773 0.8803 0.7546 0.7546 0.7546 0.7546

Natural gas 0.4361 0.4428 0.2663 0.2663 0.3309 0.2663

Oxygen 4.8819 1.1535 0.6946 0.6946 0.8604 0.6946

Solid carbon
burner fuel

0.1109 0.0365 0.1928 0.1438

Oxygen 0.5192 0.5192 0.5192 0.5192

Air 0.2436 0.3294 0.4601 0.4026

Totals 6.0026 3.1940 3.2038 3.2152 3.7328 3.3958

Outlet mass, kg/min

NRI 0.1547 0.3610 0.3094 0.3094 0.3094 0.3094

Slag 0.0359 0.0839 0.0719 0.0719 0.0719 0.0719

Hearth C 0.2894 0.6753 0.5788 0.5788 0.5788 0.5788

Burner coal and
hearth ash

0.0699 0.1631 0.1436 0.1422 0.1588 0.1501

Flue gas 5.4506 1.9086 2.0988 2.1116 2.6123 2.2843

Totals 6.0005 3.1918 3.2026 3.2139 3.7312 3.3946

Equilibrium gas composition at 1093 °C vol %

H2O 15.14 33.66 48.02 48.18 35.40 39.52

H2 9.14 27.97 5.2965 3.28 12.54 8.85

CO 7.42 22.43 6.5991 3.93 15.86 11.51

CO2 6.13 13.48 29.867 28.87 22.34 25.65

N2 62.13 2.23 9.9573 15.48 13.64 14.20

H2S 0.05 0.24 0.22552 0.16 0.22 0.26

HS 1.82E-04 5.52E-04 1.19E-03 1.07E-03 7.59E-04 1.05E-03

NH3 2.15E-04 2.18E-04 3.79E-05 2.30E-05 1.62E-04 9.78E-05

(continued)
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Table 17.12 (continued)

Air-natural gas Oxy-Nat gas Bio-char Sub-bit. coal
Med-vol bit.
coal

High-vol bit.
coal

SO2 1.30E-04 1.19E-04 3.36E-02 1.01E-01 1.35E-03 5.53E-03

Totals 100.00 100.00 100.00 100.00 100.00 100.00

Calc. m3 15.5 C 5.14 2.31 0.85 1.85 2.49 2.09

Measured m3 at 
15.5 CF

1.94 3.74 4.45 5.05 4.48 4.79

Measured (testo 
data) % CO2

9.92 15.06 39.21 23.92 19.61 11.13

Avg. LGA N2 Ports 
1–4, % N2

71.61 21.48 37.13 42.49 28.43 25.37

Flue gas energy content, MJ/min

H2 4.81 6.62 0.46 0.62 3.21 1.90

CO 4.56 6.20 0.67 0.87 4.73 2.88

MJ/Mt NRI

H2 31,113 18,351 1,484 2,010 10,358 6,128

CO 29,467 17,181 2,159 2,817 15,284 9,298

Totals 60,579 35,532 3,643 4,827 25,642 15,426

Note: 1 BTU=1.055 kJ
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baseline; similarly using bio-char reduces
fuel by 51 %, High-volatile bituminous coal
reduced fuel by 47 % and J W Coal reduced
fuel consumed by 43 %, all relative to air.

17.6  Commercialization 
and Market Acceptance 
of Nodular Reduced 
Iron (NRI)

17.6.1  Value in Use

The products from this process development are
targeted to provide high quality, low impurity iron
units to electric arc furnace (EAF) steel
manufacturers, but can also be used to enhance
blast furnace productivity and meet basic oxygen
furnace coolant and scrap requirements, and can
be used in various iron foundry applications. NRI
consists of approximately 96.5–97 % metallic
iron, 2.5–3 % carbon, and minimal tramp impuri-
ties. NRI can be handled using conventional mate-
rial handling techniques and is very dense and can
easily penetrate steel slag. It is anticipated that
NRI will be used at rates up to 30% of the metallic
charge in a high-powered electric furnace and can
be added to the furnace on either an intermittent
basis or using continuous charging practices. The
contained carbon provides valuable chemical
energy to displace electrical power requirements
during steel processing when oxygen blowing
practices are employed in the EAF operation. The
product quality from pilot plant operations at the
NRRI’s Minerals’ Laboratory was evaluated by a
leading electric furnace-based steel company in
the United States who found that NRI would be
equivalent to or better than purchased pig iron that
is routinely used in their various plants today. NRI
technology must be compared to other viable tech-
nologies such as natural gas-based DRI production
to determine the best overall fit for the future in
producing iron from iron ore or other iron-bearing
materials. The availability of merchant natural gas
and coals will play a key role in determining the
best path forward.

17.6.2  Economic Analysis

Depending on the cost of the incoming iron oxide
materials, a preliminary economic analysis of the
cost of iron nodule production by the develop-
ment team indicates that iron nodule production
costs can range from $190 to $250/t using the
data generated from the pilot-scale testing. The
biggest cost items are the cost of iron ore and coal
required for the process. A key need for the pro-
cess demonstration is to refine the economic
analysis of the process using a facility design that
is much closer to commercial size compared to
the pilot furnace at NRRI.

17.6.3  Market Share

The amount of steel produced by electric arc fur-
naces (EAF) on a worldwide basis is enormous.
Over 393,000,000 t of crude steel was produced
in 2007 from steel manufacturers using this type
of steel melting facility. In the United States,
over 63 % of all crude steel was made using this
steel processing method. Europe, the Middle
East, North America, India, and Africa also uti-
lize EAF steel production extensively. The vol-
ume of electric arc steel manufactured in Asia is
also very high even though the blast furnace/
basic oxygen converter process is the predomi-
nant steel manufacturing technology employed.
The key iron raw materials used in electric fur-
nace steelmaking are scrap, direct reduced iron,
and purchased pig iron. Based on discussions
with steel producers, a reasonable target for NRI
use in the metallic charge to an electric arc fur-
nace is estimated to be approximately 30 % of
the total metallics. If this technology were
widely adopted on a worldwide basis, approxi-
mately 118 million metric tonnes of iron nodule
or equivalent product could be utilized based on
2007 production levels and a 30 % market pen-
etration using the proposed technology. This
would amount to 236 NRI production modules
with each module sized at 500,000 metric tonnes
of production.
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17.6.4  Barriers to Commercialization

The chief barriers to commercialization are: (1)
Confirmation of the technical feasibility of the
pilot-scale test results on a prototype level. This
includes establishment of a cost-effective operat-
ing regime that will simultaneously achieve the
desired yield of NRI meeting metallurgical qual-
ity requirements and the product size characteris-
tics desired for electric arc furnace consumers.
(2) The desired level of engineering detail must
be developed as well so that commercialization
issues can be minimized when full-scale modules
are constructed. (3) The reliability of the various
subprocesses including material preparation,
exhaust gas handling, and product removal also
need to be established so that working ratios for
system availability are well understood. (4) The
costs of the raw materials for the process are
within control levels of the original assumptions
so that the attractiveness of the new process
remains favorable compared to alternative tech-
nology options for pig iron including conven-
tional blast furnace iron production, charcoal
mini-blast furnace iron production, or direct
reduced iron processes based on natural gas sys-
tems or iron-smelting processes.

17.7  Conclusions

The objective of development effort was to
develop a robust process for producing NRI that
would also allow environmental benefits to be
attained through displacement of traditional carbo-
naceous fuels. During the development process,
various factors ranging from furnace design to mix
development, to processing parameter control, and
fuel type were investigated. The results from this
development show that a high purity iron product
can be routinely produced and used routinely as a
scrap substitute in a variety of steelmaking pro-
cesses, especially the electric arc furnace. The
research examined the use of solid fuel-oxygen
fired combustion system and compared the results
for this system with both oxygen-fuel and air-fuel
combustion systems. The solid pulverized fuels
tested included various coals and a newly created

bio-char produced through torrefaction of woody
biomass in a specially constructed pilot-scale tor-
refaction reactor at the NRRI’s Laboratory. The
various fuels were tested to determine if high-
quality NRI could be produced under varying
operating conditions. In addition, the properties of
bio-char were evaluated both as combustion fuel
and as a metallurgical agent used for atmosphere
control or as a reducing agent for iron ore conver-
sion to metallic iron. The results establish that a
variety of reductant materials and iron ore mix-
tures with appropriate flux additions can allow
routine production of high-quality, low sulfur met-
allized nodules. The results also illustrate that
atmosphere control is vitally important to produce
high-quality NRI and that both torrefied biomass,
subbituminous chars and high-volatile bituminous
coals can be used as potential reductant materials.
The actual blend of materials used is dependent on
the type of reductant and some limitations in terms
of reducing the production of micro-NRI. The
results from this study indicate that the approaches
taken can reduce both energy intensity and green-
house gas emissions associated with the Linear
Hearth Furnace process for converting iron ore to
NRI. The process results coupled with earlier
reported developments indicate that this process
technique should be evaluated at the next level in
order to develop parameter information for full-
scale process design. Implementation of the pro-
cess to full commercialization will require a full
cost production analysis and comparison to other
reduction technologies and iron production alter-
natives. The technical results verify that high-
quality NRI can be produced under various
operating conditions at the pilot level.

17.8  Recommendations

The results show that the reduction and smelting
process can be used to produce high-quality NRI
under a variety of conditions and that oxygen-
fuel systems can result in reduced energy require-
ments for the production process. In addition,
torrefaction can be used to produce an interesting
bio-char product that has very useful metallurgi-
cal properties. The results of the program were

D.R. Fosnacht et al.
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conducted using both laboratory and pilot-scale
equipment. The development needs to be brought
to the next level of scale so that detailed engi-
neering can be based on a process demonstration
closer to that required for commercialization.
This would be the next logical step for continued
development of this technology. The results from
laboratory and process modeling can facilitate
the next level of development for this process.

17.9  Intellectual Property 
and Patents Relating to NRI 
Development

In the course of the development program sup-
ported by the US Department of Energy and prior
to that by the US Economic Development
Agency, the following patent portfolio has been
developed:

Title Grant reference Status

High luminosity burner DOE S-111,957 &
DE-FG36-05GO15185

Abandoned

Linear hearth furnace DOC/EDA 06-69-04501 US 7,413,592; US 7,666,249; US
7,875,236

Magnetic removal system used with
linear hearth system

DOE DE-FG36-05GO15185 Disclosure

Method and system for producing
metallic iron nuggets (coarse coal cover)

DOD/EDA 06-69-04501 &
DE FG36-05GO15185

PCT/US07/74471; CA2,658,897; US
12/359,729

Method and system for producing
metallic iron nuggets (late stage addition
of coarse cover)

DOE DE FG36-05GO15185 US 8,021,460

Method and system for producing
metallic iron nuggets

DOC/EDA 06-69-04501 US60/633,886

Method and system for producing
metallic iron nuggets (domes, cones, and
mounds)

DOC/EDA 06-69-04501 US 7,695,544; AU 2005313001;
Multiple applications PCT/IB05/054110

Method and system for producing
metallic iron nuggets (70–90
stoichiometric carbon)

DOC/EDA 06-69-04501 US 7,628,839; AU 2005312999;
multiple applications PCT/IB05/054108

Method and system for producing
metallic iron nuggets (stoichiometric
carbon with additives)

DOC/EDA 06-69-04501 US 7,641,712

Method and system for producing
metallic iron nuggets
(micro-agglomerates)

DOC/EDA 06-69-04501 US 7,632,335

Method and system for producing
metallic iron nuggets (multiple layer and
subbituminous material)

DOC/EDA 06-69-04501 &
DE FG36-05GO15185

PCT/US09/032519; US 12/847,591

Production of iron from metallurgical
waste (recovery of metallurgical waste)

DOC/EDA 06-69-04501 &
DE-FG36-05GO15185

PCT/US10/21790; US 13/187,937; AU
2010 206718

Refractory coating for hearth DOE DE FG36-05GO15185 Disclosure

System and method for cooling and
removing iron from a hearth

DOC/EDA 06-69-04501 &
DE-FG36-05GO15185

PCT/US08/50855; US 12/522,867; CA
2,675,311;

System and method for making iron with
reduced CO2 emissions (shrouded LHF
with CO2 control)

DOE DE FG36-05GO15185 US 61/246,817; PCT/US10/50547

System and method for producing
metallic iron (O2 plus coal consumption
including flue gas recirculation)

DOE DE-FG36-05GO15185 PCT/US10/50743; US 61/246,739

(continued)
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17.10  Glossary

17.10.1  Abbreviated Notation 
of Lime and Fluorspar  
in Slag

In order to simplify the notation of the fluxing
additive of lime and fluorspar, the following
notation was used in this report. Composition
(L) is located in the low fusion temperature
trough near (CaO)/(SiO2) of 1.2 in the CaO-
SiO2-Al2O3 phase diagram. The slag composi-
tions were abbreviated by indicating the amounts
of additional lime used in percent as a suffix, for
example, L0.5 and L1 indicated lime additions of
0.5 % and 1 %, respectively, over that of
Composition (L). The amount of fluorspar
(abbreviated to FS) added in percent was also
indicated as a suffix, for example, L0.5FS0.25,
which represented that 0.25 % by weight of flu-
orspar was added to a feed mixture with Slag
Composition of L0.5.

17.10.2  Atmosphere Control

Atmosphere control in the LHF refers to the con-
trol of the atmosphere directly above the feed
compositions, specifically CO and H2, with the
absence of oxygen, and the volumetric turbu-
lence of the combustion products that have an
influence on these compositions.

17.10.3  Basicity
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SiO
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CaO MgO

SiO Al O2
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= =
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+  

17.10.4  Bimodal Super 
Stoichiometry

Bimodal Super Stoichiometry or BMSS is a term
given to the practice of using a coarse and fine
size fraction of carbon reductant in the reaction
mixture for the production of NRI. The fine frac-
tion provides the reductant source for conversion
of iron oxides to reduced iron while the coarser
fraction survives the furnace atmosphere to allow
the carbon solution reaction to sufficiently reduce
the melting temperature to enhance the kinetics
for the production of metallic iron.

17.10.5  Bio-char

Bio-char is defined as a coal or carbon substitute
produced from a biomass resource.

17.10.6  Fusion Time

Fusion time for NRI, also referred to as residence
time, is defined as the time required in the box
furnace or LHF to fully reduce a composition

Title Grant reference Status

System and method for producing
metallic iron (injection Under the hood
in conversion zone)

DOC/EDA 06-69-04501 US 60/828,171; PCT/US07/80364

System and method for producing iron
(wedge linear hearth furnace)

DOE DE FG36-05GO15185 PCT/US10/507 30; US 61/246,787

Use of bimodal carbon distribution in
compacts for producing metallic iron
nodules

DOE DE FG36-05GO15185 US 12/977,035

Use of manganese oxide with fluorspar DOE 117,356 & DE
FG36-05GO15185

Disclosure
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D.R. Fosnacht et al.



357

consisting of iron oxide, carbon reductant, and
fluxes to metallic iron. Reducing fusion time cor-
relates to an increase in productivity for a given
furnace dimension.

17.10.7  Micro-NRI

Both in box furnace and LHF tests, NRI with a
range of sizes formed depending on the test con-
ditions used. The magnetic products after each
test were collected with a hand magnet and
screened into +6.35 mm (1/4″), −6.35 mm (1/4″),
+20 mesh (0.833 mm), and −20 mesh (0.833 mm)
fractions. Plus 6.35 mm (1/4″) fractions were
fully metallic when the products were judged to
be fused. Minus 6.35 mm (1/4″) +20 mesh
(0.833 mm) fractions were essentially all metallic
and referred to as “micro-NRI.” Minus 20 mesh
fractions had large amounts of fine carbon parti-
cles to which small metallic iron particles were
attached. These are generally considered as unac-
ceptable product as they typically contain higher
levels of sulfur and their relatively small size can
negatively influence EAF productivity.

17.10.8  Stoichiometric Amount

In an attempt to quantify the amount of coal,
coke, or char needed as a reductant in feed mix-
tures, the amount of carbon required to reduce
iron oxides to metallic iron with the formation of
CO was calculated and termed “stoichiometric
amount” according to

 FeO C Fe CO+ = +  

 Fe O C Fe CO3 4 4 3 4+ = +  

 Fe O C Fe CO2 3 3 2 3+ = +  
Fixed carbon from proximate analysis was used
in the calculation.

17.10.9  Torrefaction

Torrefaction is a mild pre-treatment of biomass at
a temperature between 200 and 300 °C under low
oxygen conditions to remove moisture and light

volatiles and accumulate the carbon component.
The resulting product is a partially carbonized
biomass, essentially moisture-free and friable
which allows it to be used similar to coal.
Torrefaction of biomass has the potential to pro-
duce chars from various biomass sources (e.g.,
wood by-products, agricultural by-products,
grasses, energy crops) giving them similar mate-
rial handling and processing capabilities.
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Innovative Process 
for the Production of Titanium 
Dioxide
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18.1  Introduction

Titanium (Ti) is the ninth most abundant element 
in the earth’s crust and forms a very stable oxide, 
titanium dioxide. Titanium dioxide occurs in 
three different forms naturally: anatase, rutile, 
and brookite. The brookite phase is relatively 
rare compared to anatase and rutile. Rutile phase 
is the most stable phase and is widely used in the 
paint industry. With suitable heat treatment, ana-
tase and brookite can be converted to rutile phase. 
In addition to stable rutile, anatase, and brookite 
phases, there are three metastable phases that can 
be produced synthetically (monoclinic, tetrago-
nal, and orthorhombic) and five high-pressure 
forms (α-PbO2-like, baddeleyite-like, cotunnite- 
like, orthorhombic, and cubic phases) (http://en.
wikipedia.org/wiki/Titanium_dioxide).

Since its first commercial production in 1916, 
titanium dioxide has found several uses and is cur-
rently used in paints, plastics, rubber, paper, inks, 
textiles, and a number of other miscellaneous 
applications. More than 50 % of the six million tpa 
of TiO2 produced is used as pigment in paints. 
Rutile phase is preferably used for application as 
pigment; however, the anatase phase has recently 

gained interest as it can be used for making nano-
materials (Lakshmanan et al. 2014). Currently, 
nanosize TiO2 is being investigated for application 
in the cosmetics industry. Inorganic sunscreens use 
TiO2 or ZnO particles, which reflect and scatter 
ultraviolet light. TiO2 nanomaterials are also find-
ing application as smart construction materials and 
as coatings in photocatalytic converters. Nano TiO2 
can catalyze the dissociation of NOx gases and 
other automotive emissions, thereby reducing the 
smog in urban centers. After the construction mate-
rial is exposed to sunlight or ultraviolet light, TiO2 
is photoactivated and degrades the pollutants.

Due to growing market demand, the TiO2 
price has increased substantially over the past 
few years as shown in Fig. 18.1 (Cianfichi 2012). 
There are two commercial processes for the pro-
duction of TiO2, the chloride process and the sul-
fate process. Both of these processes have several 
environmental challenges. While the sulfate pro-
cess suffers from large-scale generation of acidic 
and solid waste as well as toxic emissions, the 
chloride process suffers from CO2 and other toxic 
emissions. These processes have not been 
designed to recycle the reagents and discharge 
the effluents into the environment causing an 
environmental concern. With this in view, an 
innovative process has been developed and pat-
ented by Process Research Ortech Inc. (PRO) and 
ownership transferred to Canadian Titanium 
Limited (CTL). This process uses chloride metal-
lurgy for the production of pigment-grade TiO2.

V.I. Lakshmanan (*) • R. Roy • M.A. Halim
Process Research Ortech Inc.,  
2350 Sheridan Park Drive, Mississauga,  
ON, Canada, L5K 2T4
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18.2  Raw Materials for Titanium 
Dioxide Production

Table 18.1 shows the most common titanium 
minerals along with their chemical compositions 
(Lakshmanan et al. 2014). Titanium dioxide is 
produced from the following ores: Ilmenite 
(FeTiO3), rutile, anatase, and leucoxene 
(TiO2 · xFeO · yH2O). Other sources of raw mate-
rial for the production of titanium dioxide are 
slag produced during iron smelting and synthetic 
rutile produced from ilmenite.

Ilmenite is the most abundant titanium 
dioxide- bearing ore containing 40–65 % TiO2, 
depending on its geological history. Leucoxene 
(Fe2O3 · nTiO2) contains typically more than 65 % 
TiO2 and is a natural alteration product of ilmen-
ite. Ilmenite and Leucoxene may contain magne-
sium, manganese, vanadium, aluminum, calcium, 
chromium, and silicon as impurities. Table 18.2 
shows the chemical composition of ilmenite ores 
found in different locations around the world 
(Kothari 1974). Major igneous deposits of ilmen-
ite are found in Brazil, Canada, Norway, the 
Russian Federation, and the Ukraine, while the 
heavy mineral sands are found along the eastern 
and western coasts of Australia, the eastern coast 
of South Africa, the southeastern coast of the 
United States, the west coast of South Island, 
New Zealand, the eastern coast of China, the 
northeastern coast of Sri Lanka, at various loca-
tions along the southern coast of India, in coastal 
Malaysia and in alluvial deposits in Sierra Leone 
(Chang 2002). World reserves of ilmenite in 
terms of TiO2 content are shown in Table 18.3 
with major reserves being in China (31 %), 
Australia (15 %), India (13 %), South Africa 
(10 %), Brazil (7 %), Madagascar and Norway 
(6 % each), as well as in Mozambique (2 %) 
(http:/ /minerals.usgs.gov/minerals/pubs/
mcs/2013/mcs2013.pdf).

Fig. 18.1 TiO2 price history and forecast (based on Cianfichi 2012)

Table 18.1 Titanium minerals and their chemical com-
positions with TiO2 contents (based on Lakshmanan et al. 
2014)

Mineral Composition
TiO2 content 
(%)

Rutile TiO2 94–99

Anatase TiO2 90–95

Brookite TiO2 90–100

Brookite TiO2 90–100

Ilmenite FeTiO3 40–65

Leucoxene Fe2O3TiO2 60–90

Perovskite CaTiO3 40–60

Titanite CaTiSiO3 30–42

Titaniferous 
magnetite

(Fe · Ti)2O3 2–20

V.I. Lakshmanan et al.
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Rutile containing about 95 % titanium dioxide 
with small amounts of iron and other impurities 
is the second most commonly available ore for 
the production of titanium dioxide. Rutile is 
often found as beach sands and is the simplest to 
mine and concentrate in a form suitable for tita-
nium dioxide production. Rutile sand deposits 
are found in Australia, Sierra Leone, and South 
Africa. Production of titanium dioxide from 
rutile now accounts for less than 10 % due to 
diminishing reserves as compared to 20 % in the 
1970s. Major rutile reserves are located in 
Australia (43 %), South Africa (20 %), India 
(18 %), Sierra Leone (9 %), and Ukraine (6 %) as 
shown in Table 18.3 (http://minerals.usgs.gov/
minerals/pubs/mcs/2013/mcs2013.pdf). The 
largest reserves of anatase are found in carbonif-
erous intrusions in Brazil.

18.3  Beneficiation and Upgrading 
of Ore

18.3.1  Beneficiation and Upgrading 
of Ilmenite Ore

Beneficiation of ilmenite ores typically includes 
the following process steps: crushing, grinding, 
sorting, sizing, gravity concentration, and mag-
netic separation. The flowsheet for beneficiation 
of ilmenite ore is shown in Fig. 18.2 (Gueguin 
and Cardarelli 2007). The majority phases in an 
ore are ilmenite and hematite, while the minority 
phases include silicates, oxides, and sulfides. The 
major part of the silica, alumina, and calcium 
oxide comes from gangue minerals such as 
 plagioclase, feldspar, and andesine. The aim of 

Table 18.2 Chemical composition of ilmenite ores (in %) (Kothari 1974)

(%)

North and South America Europe Asia

U.S.A. Canada Brazil Norway Russia Portugal India Malaysia Sri Lanka

TiO2 43–50 35–73 48–61 37–44 44 52.2 52.2 51–54 53.61

FeO 35–39 31–33 26–27 32–36 32.4 42.1 9–26 35–38 20.67

Fe2O3 1.6–13.8 20 14–15 11–13 16.9 12–27 3–6 20.96

SiO2 1.4–3.0 0.8–4.0 1.4 0.6–3.0 1.84 0.27 0.9–1.4 0.5–1.11 0.38

Al2O3 0.2–1.21 1.05–1.7 0.25 0.85–1.8 0.2 0.29 1.0–1.11 1.09 0.54

P2O5 0.07–1.01 0.01–0.2 0.15 0.03 0.17–0.26 0.09

ZrO2 0.05–0.55 0.25–0.3 0.3–1.0 0.60–2.1

MgO 0.6–2.35 1.0–2.0 0.3–0.35 1.6–3.0 2.76 0.03 0.65–1.01 0.21 0.92

MnO 0.1–0.52 0.03–0.04 0.1–0.2 0.2–0.3 0.72 5 0.40–0.48 3.5 0.95

V2O5 0.05–0.27 0.2–0.35 0.06–0.2 0.2–0.3 0.09 0.09 0.03–0.26 0.04

Cr2O3 0.02–0.28 0.15 0.1–0.5 0.03–0.07 0.02 0.02 0.03–0.26 0.02 0.05

REE Oxide 0.08 0.07 0.08 0.068 0.07 0.08 0.079

(%)

Africa Australia

Senegal Sierra Leone West Coast East Coast

TiO2 54–56 42.3 52–55 45–55

FeO 14–Jul 28 20–23 28–33

Fe2O3 28–30 25 15–19 1.5–5

SiO2 0.9–1.3 1.41 1.2

Al2O3 0.5 0.25 1

P2O5 0.14–0.15 0.15

ZrO2 2.37 0.08

MgO 1.9 0.01

MnO 1.32 1.44 1.25–1.5

V2O5 0.27 0.38 0.13 0.23–1.0

Cr2O3 0.23 0.03 1.84–4.9

REE Oxide 0.06 0.089 0.12
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beneficiation and upgrading processes is to gen-
erate a concentrate with high Ti content suitable 
for further processing.

After primary crushing and screening of the 
ore at the mine site using gyratory and cone 
crushers, the ore is further crushed and sized at a 

secondary milling facility. The ore is ground to a 
fine powder and subjected to gravity flotation, 
which separates lighter gangue (nonmetallic or 
nonvaluable rock) material from the heavier valu-
able mineral based primarily on differences in the 
specific gravities of the materials. The next step 

Grinding

Screening

Separation
(Tyrock Screens)

Fine Ground Ore
(< 14 mesh)

Beneficiation
(Gravity)

Dewatering
(Dryers)

Beneficiated Ore
34.5 wt.% TiO2

+

Fine CrushingCoarse

Smelter off gases
and Fines

Roasting

Roasted Ore
34.8 wt.% TiO2

Dry Magnetic
Separation

Upgraded
Roasted Ore

37.6 wt.% TiO2

Taillings

+14 Mesh

-1
4 

M
es

h

-40 + 10 mm Crushed Ore
32.7 wt.% TiO2

Fig. 18.2 A simplified flowsheet for the beneficiation process of an ilmenite ore (based on Gueguin and Cardarelli 
2007)

Country

Ilmenite Rutile

Reserves Production Reserves Production

United Statesa 2000 300 – –

Australia 100,000 940 18,000 480

Brazil 43,000 45 1200 5

Canada 31,000 700 – –

China 200,000 700 – –

India 85,000 550 7400 25

Madagascar 40,000 280 – –

Mozambique 16,000 380 480 8

Norway 37,000 350 – –

Sierra Leone – – 3800 100

South Africa 63,000 1.030 8300 131

Sri Lanka – 60 – –

Ukraine 5900 300 2500 60

Vietnam 1600 500 – –

Other countries 26,000 40 400 17

World total (rounded) 650,000 6.200 42,000 830
aUnited States rutile production and reserve data are included with ilmenite

Table 18.3 World 
reserves and production of 
ilmenite and rutile in 2012 
(in kilotons) (http://
minerals.usgs.gov/
minerals/pubs/mcs/2013/
mcs2013.pdf)

V.I. Lakshmanan et al.
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is oxidative roasting to prepare a so-called grav-
ity concentrate for magnetic separation. The 
 following reaction takes place to produce magne-
tite (Fe3O4) and pseudobrookite (Fe2TiO5) during 
oxidative roasting:

 FeTiO Fe O Fe O Fe TiO3 2 3 3 4 2 52+ = +  (18.1)

Further upgrading is carried out by magnetic sep-
aration to generate an upgraded roasted ilmenite 
ore, which is then used for the production of tita-
nium slag.

Titanium slag of TiO2 content between 75 and 
86 % is produced by smelting ilmenite at high 
temperature (approximately 1650–1700 °C) with 

a suitable carbonaceous reductant in electric fur-
naces. The smelting process can be described by 
the following reactions (Chase Jr 1998):

 Fe O C FeO CO2 3 2+ = +  (18.2)

 FeO C Fe CO+ = +  (18.3)

 2 2 2 3TiO C Ti O CO+ = +  (18.4)

During the smelting process, Ti(IV) is par-
tially reduced to Ti(III), as indicated by the high 
Ti2O3 content of the bulk titanium slag. 
Figure 18.3 shows the process flowsheet for the 
production of titanium-rich slag from upgraded 

Upgraded Roasted
Ore 36.3 wt. % TiO2 

Anthracite Coal

Titanium Salg 1680oC

Molten Iron 1510oC
Iron and Steel Making

Plant

Sizing and Preparation Plant

+

+

Over Size

Over Size

Crushing

CrushingSlag Pile

Sized Slag

Molten IronTapping

Cooling and
Demoulding

Fig. 18.3 A process flowsheet for production of titanium slag from upgraded roasted ilmenite ore (Gueguin and 
Cardarelli 2007)
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roasted ore (Gueguin and Cardarelli 2007). 
During the high-temperature smelting process, 
liquid iron settles to the bottom of the furnace 
forming a pool of a molten iron–carbon alloy, 
while a thick layer of titanium-rich slag forms 
above the molten iron bath. The titanium-rich 
slag is poured directly into steel wagons lined 
with crushed slag bedding and subsequently 
cooled under water sprays for several hours to 
build a thick protective skull. It is then air cooled 
till complete solidification of the inner core takes 
place. Both the sulfate process and the chloride 
process use the titanium slag for the production 
of high-grade TiO2.

18.3.2  Beneficiation and Upgrading 
of Natural Rutile

Beneficiation of rutile ores typically includes the 
following process steps: crushing, grinding, mag-
netic separation, gravity concentration, flotation, 
and electrostatic separation. The flowsheet for 
the beneficiation of rutile ore is shown in Fig. 18.4 
(Kothari 1974). After crushing and grinding, the 
iron-rich magnetic phase is removed by magnetic 

separation. Gravity separation methods and flota-
tion are used to separate silica, silicate, and 
 aluminates. Zircon is removed by electrostatic 
separation to obtain high-grade titanium dioxide 
from beach sands.

18.4  Current Processes 
for the Production 
of Titanium Dioxide

18.4.1  Overview

There are currently two commercial processes 
for the production of pigment-grade titanium 
dioxide: the sulfate process and the thermochem-
ical chloride process. These two processes differ 
in both their chemistry and raw material require-
ments. In the sulfate process, concentrated sulfu-
ric acid is used to leach high-grade ilmenite or 
titanium slag to produce titanium sulfate. This is 
followed by the removal of iron through crystal-
lization of titanium sulfate solution to precipitate 
titanium dioxide. In the thermochemical chloride 
process, titanium slag, natural rutile, or synthetic 
rutile is reacted with petroleum coke and chlorine 

Drying

Middling
& Tailing

Tailing

Waste

Electrostatic
Separation Zircon

TiO2

Grinding

Gravity
Separation

Concentrate

Tabling

Magnetic
Separation

Ilmenite
and Iron

Filtering

Crushing

Screening

Screening

Tabling

Ore

Flotation

Fig. 18.4 A flowsheet for processing natural rutile from beach sands (Kothari 1974)
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gas at high temperatures to form titanium tetra-
chloride (TiCl4) gas, which is reacted with oxy-
gen to produce pigment-grade titanium dioxide.

A new process, CTL process, is currently 
being commercialized to produce pigment-grade 
titanium dioxide (Lakshmanan et al. 2002a, b, 
2004, 2010a, b). The process involves leaching of 
ilmenite ore in a mixed chloride lixiviant 
(HCl+MgCl2), followed by solid–liquid separa-
tion and successive solvent extraction stages for 
the production of high purity iron and titanium 
pregnant strip liquors. Using concepts of solution 
chemistry, hydrated titanium oxide is thermally 
precipitated from the Ti-bearing pregnant strip 
liquor at controlled pH and Eh conditions. It is
subsequently calcined to produce titanium diox-
ide. Iron oxide is produced by pyrohydrolysis of 
the Fe-bearing pregnant strip liquor as a by- 
product. HCl is recovered in this step and recy-
cled to the leaching stage. Figure 18.5 shows the 

various processing routes for the production of 
high-grade TiO2 from different titanium-bearing 
minerals. A brief description of the sulfate and the 
thermochemical chloride processes is provided 
below, which is followed by the description of the 
innovative mixed chloride process (CTL process) 
developed by Process Research Ortech Inc.

18.4.2  The Sulfate Process

The sulfate process was the first process devel-
oped for producing TiO2 pigment. It was first 
used in Norway in 1915. It has been undergoing 
continuous improvements over the years. The 
sulfate process uses H2SO4 and is sensitive to the 
price of acid. Figure 18.6 shows the flowsheet of 
the sulfate process for production of TiO2 pig-
ment (McNulty 2007). The sulfate process con-
sists of the following steps:

Ilemenite
(40-65% TiO2)

HCl
Leaching

Solvent
Extraction

Precipitation

Calcination

TiO2 ProductTiO2 ProductTiO2 Product

H2SO4
Leaching

Crystallization

Hydrolysis

Calcination

Upgrading

Smelting
Process

Ti Slag
(>85% TiO2)

Synthetic
Rutile

Natural Rutile
(94-99% TiO2)

Leucoxene
(60-90% TiO2)

Chlorination
TiCl4

(40-50% TiO2)(55-65% TiO2)

(85-93% TiO2)

Hard Rock
Mineral Processing

Sand Deposits

Fig. 18.5 Overview of the titanium mineral processing industry from the raw material to the final product (Lakshmanan 
et al. 2014)
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18.4.2.1  Acid Digestion 
and Clarification

The raw material (ilmenite ore or synthetic tita-
nium slag) is dried and finely ground (<40 μm) in 
ball mills before digestion in sulfuric acid. Excess 
free acid is used to increase digestion efficiency. 
The temperature initially increases to 50–70 °C 
due to the heat of hydration of the sulfuric acid 
and subsequently the exothermic reaction 
increases the temperature to 170–220 °C. After 
completion of the leaching reaction, the filter 
cake is further leached with cold water or diluted 
sulfuric acid recycled from the process and scrap 
iron is added to reduce any remaining Fe(III) to 

Fe(II). Due to the addition of scrap iron, some of 
the Ti(IV) is reduced to Ti(III). This prevents the 
reoxidation of iron during subsequent process 
steps. The leaching and reduction reactions are 
given by the following reactions:

 FeTiO H SO TiOSO FeSO H O3 2 4 4 4 22 2+ = + +  
(18.5)

 
Fe SO Fe FeSO2 4 3 43( ) + =

 
(18.6)

The solid residue is separated from the pregnant 
leach liquor that contains titanyl sulfate (TiOSO4) 
and ferrous sulfate by flocculation, sedimenta-
tion, and filtration.

New
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Raw Material
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Fig. 18.6 The flowsheet for the production of TiO2 pigment from ilmenite ore or slag by the sulfate process (based on 
McNulty 2007)
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18.4.2.2  Crystallization
Iron sulfate in the pregnant leach liquor is then 
separated from titanyl sulfate by crystallization. 
Pregnant leach liquor is cooled to less than 15 °C 
under vacuum to crystallize ferrous sulfate hepta-
hydrate (FeSO4 · 7H2O), also known as copperas, 
which has several commercial applications 
including water purification, Fe2O3 pigment pro-
duction, agriculture, and chromate reduction for 
cement production. Copperas is separated from 
the concentrated titanyl sulfate solution by filtra-
tion or centrifugation.

18.4.2.3  Precipitation and Purification
Hydrated titanium oxide is precipitated from the
titanyl sulfate solution by thermal hydrolysis. 
This is done by heating the solution to 
95–110 °C. The feed solution is seeded with 
Ti(OH)2 to accelerate the precipitation process. 
The thermal hydrolysis reaction is shown below:

 TiOSO H O TiO OH H SO4 2 2 2 42+ ® ( ) +  
(18.7)

After hydrolysis, the precipitate is filtered and 
repulped with Ti(III) solution (Ti2(SO4)3) and 
water to remove impurities including Fe, Cr, Cu, 
Mn, and V. Repulping can also be performed with 
dilute sulfuric acid at 50–90 °C. The filtrate from 
the thermal hydrolysis contains 20–28 % sulfuric 
acid, which is not recycled as explained below.

18.4.2.4  Doping, Calcination, 
and Grinding

In order to produce specific pigment grades, puri-
fied hydrated titanium dioxide is treated with 
alkali metal compounds (for rutile) and phos-
phoric acid (for anatase). Hydrated titanium
dioxide is calcined to produce crystalline tita-
nium dioxide. Anatase is formed at a final tem-
perature of 800–850 °C, while a final temperature 
of 900–930 °C is required for rutile formation. 
The calcination reaction is as follows:

 
TiO OH TiO H O( ) ® +

2 2 2  
(18.8)

After cooling, the rutile/anatase TiO2 product is 
milled and surface treated to form the TiO2 base 
pigment.

During crystallization of ferrous sulfate, a 
temperature that is as low as possible is used, 
usually less than 15 °C. This however leaves 
about 20 g/L of Fe in solution. In addition, it con-
tains other impurities such as Cr and V, which are 
dissolved during leaching. The presence of iron 
and other impurities in the solution makes the 
production of very pure TiO2 difficult. This 
results in a slightly yellow-colored pigment. In 
addition, for every ton of TiO2 produced, 1.9 t of 
ferrous sulfate has to be sold or disposed off. 
Also, the acid regenerated in reaction (18.7) is 
dilute and cannot be reused in the leaching reac-
tion (18.5), which needs concentrated acid. In 
general, this acid is neutralized with lime produc-
ing 2.2 t of gypsum (CaSO4 · 2H2O) per ton of 
TiO2 and disposed off.

18.4.3  The Chloride Process

This process was developed to overcome the envi-
ronmental challenges of the sulfate process such 
as disposal of solid waste material produced in the 
sulfate process. It was commercialized in the 
United States in 1958 (McNulty 2007) and cur-
rently accounts for more than 60 % of the world’s 
production of titanium dioxide (TiO2) pigment. 
The commercial chloride process is a continuous 
process. The chloride process generates signifi-
cantly less waste (up to three times less) than the 
sulfate process (DuPont 2014). Naturally occur-
ring rutile ore is the preferred raw material for the 
chloride process. As the reserves for rutile ore are 
diminishing, synthetic rutile, upgraded slag 
(UGS), and high-grade QIT (Quebec Iron and 
Titanium) slag are now being used as feed material 
for the chloride process. Figure 18.7 shows the 
flowsheet of a typical chloride process for produc-
tion of TiO2 pigment (McNulty 2007).

The chloride process consists of the following 
steps:

18.4.3.1  Chlorination
The feed is dried, mixed with coke at 250–
300 kg/t TiO2, and fed into the fluidized-bed 
chlorinator, a long, brick lined steel reactor, with 
a gas chamber and gas distributor at the bottom 
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and a feed port and product discharge line at the 
top. The chlorine gas is introduced through the 
bottom of the chlorinator and the feed with the 
coke is charged from the top of the reactor. The 
most important chlorination reactions are shown 
below:

 TiO Cl C TiCl CO2 2 4 22+ + = +  (18.9)

 TiO Cl C TiCl CO2 2 42 2 2+ + = +  (18.10)

 C CO CO+ =2 2  (18.11)

The gas exiting the chlorinator contains titanium 
tetrachloride (TiCl4), carbon monoxide, carbon 
dioxide, nitrogen, and volatile chlorides of impu-
rity metals contained in the feed, such as iron and 
aluminum. The chlorination takes place in fluid 

beds at 800–1000 °C. Any MgO or CaO results in 
liquid MgCl2 and CaCl2 and defluidizes the bed. 
Hence MgO and CaO are not acceptable constit-
uents of the rutile or ilmenite feeds. In addition, 
Cr and V produce colored chlorides, which 
 introduce color to the pigment and are not 
acceptable.

18.4.3.2  Condensation of Gas 
and Purification of TiCl4

The gas stream from the chlorinator is cooled to 
less than 300 °C to separate impurity chlorides 
from TiCl4 by condensation and vapor deposi-
tion. The exhaust gases (CO, CO2 and N2) con-
tain small amounts of TiCl4 and Cl2, which are 
scrubbed using water and caustic solutions prior 
to venting to the atmosphere.
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Fig. 18.7 A flowsheet for the production of TiO2 from natural, or synthetic rutile, or slag, or high-grade ilmenite by the 
chloride process (based on McNulty 2007)
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18.4.3.3  Oxidation of TiCl4 
and Recovery of Titanium 
Dioxide

In the next stage, TiCl4 is reacted with oxygen at 
900–1400 °C to form TiO2 and chlorine gas 
according to (18.12).

 TiCl O TiO Cl4 2 2 22+ ® +  (18.12)

Aluminum chloride (AlCl3) is added in this 
step to promote/catalyze the formation of tita-
nium dioxide in the rutile form. Alternatively, 
phosphorus trichloride (PCl3) or silicon tetra-
chloride (SiCl4) is added to suppress rutile forma-
tion and promote the formation of pure anatase. 
Chlorine gas forms during this oxidation reac-
tion, which is recycled to react with fresh feed 
material.

Impurities like Fe, which are in the rutile ore, 
chlorinate have to be disposed off. With decreas-
ing availability of rutile ore and increasing 
demand for TiO2 by the pigment industry, ilmen-
ite is blended with rutile as the feed material. This 
chlorinates in the first-stage reactor as follows:

 C FeO TiO Cl FeCl TiO CO+ × + ® + +2 2 3 21 5.  
(18.13)

The TiO2 is then chlorinated according to reac-
tions (18.9) and (18.10).

The disposal of iron chloride is an environ-
mental problem. In the United States, it is injected 
in deep wells, which may not be an acceptable 
solution in the long term. In order to minimize 
the iron input for the chlorination, a process for 
making synthetic rutile or slag has been devel-
oped which adds cost to the raw material fed to 
the chloride process.

18.4.4  The CTL Process

The current processes have limitations due to 
impurities like Cr, V, Mg, and Ca in the ilmenite 
ore. This is restricting the availability of ilmenite 
ores suitable for the TiO2 industry. One of the 
objectives of the new CTL process development 
was to enable the use of a wider range of avail-
able ilmenite ores for the production of TiO2 pig-
ment. A comparison of feed materials for 
different processing routes to make pigment 
grade TiO2 is shown in Fig. 18.8.

The CTL process, which was originally devel-
oped by Process Research Ortech Inc. is currently 
owned by Canadian Titanium Limited (CTL) 
with Argex Titanium Inc. having a controlling 
stake in CTL (50.1 % ownership). The CTL tech-
nology is protected by several patents (US patent 
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7,736,606 B2, Canadian patent 2,513,309, 
Australian Patent No. 2004291568, and Indian 
Patent No. 249701). We foresee that the CTL 
process will become a third processing route and 
a major breakthrough in the production of TiO2 
for making pigments. The process is capable of 
treating low-grade ores and ores containing Mg, 
V, or Cr economically and may lead to the pro-
cessing of ilmenite ore bodies previously consid-
ered not viable. This innovative process promises 
to minimize CO2 emissions, consume signifi-
cantly less energy, and produce less environmen-
tal waste due to the closed loop operation with 
recycle streams. The CTL process has been 
developed based on a deep understanding of 
chloride metallurgy.

18.4.4.1 Chloride Metallurgy
Chloride metallurgy is emerging as an alternative 
process for the production of base metals (Moyes 
and Houllis 2002; Moyes et al. 2004; Leimala 
et al. 2003; Hamalainen et al. 2003; Hyvarinen
et al. 2002; Yllo and Hietala 2004; Harris et al.
2004a, 2007). The solubility of metal chlorides is 
generally higher than metal sulfates. The solubil-
ity of CuSO4 · 5H2O is about one-fifth that of 
CuCl2 · 2H2O, while nickel and ferrous chlorides 
are also more soluble than their sulfate salts. The 
enhanced leachability of minerals in chloride 
solutions can be attributed, in part, to the high 
oxidizing potential of the Fe(III)/Fe(II) and 
Cu(II)/Cu(I) couples and the high stability of the 
chloro-complexes of Cu(I), Ag(I), Pb(II), Zn(II), 
Bi(III), and Fe(III).

Process Research Ortech has been at the fore-
front of technological development of chloride 
metallurgy (Harris et al. 2004a, b, 2006, 2007, 
2010; Christies et al. 1974; Lakshmanan et al. 
1974, 2008, 2009, 2011a, b, c, 2012a, b, c; Bell 
et al. 1977) and has been developing process 
flowsheets based on mixed chloride lixiviants 
consisting of HCl and MgCl2. Having developed
a proprietary atmospheric chloride leach process 
technology for the treatment of sulfide ores, PRO 
further developed the technology for the produc-
tion of high purity titanium dioxide from ilmenite 
ore (Lakshmanan et al. 2002a, b, 2004, 2010a, b). 
The HCl leaching system was chosen as it is pos-

sible to regenerate the acid by pyrohydrolysis. 
The mixed chloride system was chosen because 
the presence of MgCl2 in the lixiviant enhances 
the activity of the hydrogen ion by orders of mag-
nitude (Jansz 1983). This makes the lixiviant 
very active as seen in Fig. 18.9.

According to the Pourbaix diagram of the tita-
nium–water system shown in Fig. 18.10 (Zhu 
et al. 2011), TiO2+ could be the dominant species 
in an aqueous solution with acid activity greater 
than 1 M and Ti(IV) could form TiO2 ·H2O pre-
cipitate at pH greater than five. Table 18.4 shows 
the Ti(IV) species in hydrochloric acid (Zhu et al. 
2011). Due to the presence of chloride ions, the 
proposed Ti(IV) species in Table 18.4 are quite 
different from those used in the Pourbaix dia-
gram of Fig. 18.10 in high acid solution 
([H+] > 4 M). According to both Fig. 18.10 and 
Table 18.4, the TiO2+ species is stable and pre-
dominant in the acid range of pH <0.3 and under
a normal solution potential of about 0.3–1.3 V.

Figure 18.11 shows calculated distribution of 
Ti(IV) oxy-chloride species at an activity of 
Ti(IV) of 0.1 M in 1 M HCl solution at 298 K
(Zhu et al. 2011). A number of complexes are 
formed in chloride solutions by the combination 
of TiO2+ with Cl−. The neutral TiOCl2 species 
reaches a maximum at about 4.5 M Cl− concen-
tration and forms adduct complexes for 
extraction.

The CTL process was developed based on a 
deep understanding of the chloride solution 
chemistry. The flowsheet for the CTL process is 
shown in Fig. 18.12. A detailed description of the 
CTL process is provided below:

18.4.4.2 Leaching
The ore is first crushed, ground, and dissolved in 
mixed chloride (HCl+MgCl2) lixiviant to bring 
Ti, Fe, and other metals in solution according to 
(18.14) and (18.15).

 FeTiO HCl FeCl TiOCl H O3 2 2 24 2+ ® + +  
(18.14)

 Fe O HCl FeCl H O2 3 3 26 2 3+ ® +  (18.15)

For dissolution of ilmenite, earlier studies at 
Process Research Ortech Inc. (Lakshmanan et al. 

V.I. Lakshmanan et al.



371

2002b) showed that leaching with 12 N HCl can
be carried out. However, to recycle the chloride by
pyrohydrolysis of iron chloride solutions, 12 N 
HCl was not appropriate as the HCl generated was
only 6 N in strength. A major innovation was the 
finding that the addition of MgCl2 enhances the H+ 
ion activity as shown in Fig. 18.9. This enabled the 
leaching of ilmenite ore with 6 N HCl at about
70 °C, which was not possible previously.

After leaching, the solution is then filtered to 
separate the residue from pregnant leach liquor. 
Leaching in mixed chloride is one of the most 
important aspects of the CTL process.

18.4.4.3 Iron Solvent Extraction
The next step in the CTL process is the removal 
of iron from the pregnant leach liquor into an 
organic phase by solvent extraction. The preg-
nant leach liquor is contacted with a suitable 
extractant (e.g., a mixture of ketones for salva-
tion as anion exchanger and amines with high 
 molecular weights) in a modifier and diluent. 
Iron is stripped from the loaded organic and 
regenerated organic is recycled to the extraction 
stage. The iron in the organic phase is transferred 
to an iron- rich pregnant strip liquor during strip-
ping of the organic phase.
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A concentration of 120 g/L of Fe is achieved 
by a countercurrent solvent extraction process 
with controlled O/A ratios, flow rate, tempera-
ture, and organics of desired composition.

The iron-containing aqueous phase can be 
converted into iron oxide and 6 N HCl solution
by a process called pyrohydrolysis. This is prac-
ticed widely in the steel industry. Pyrohydrolysis 
regenerates HCl from the ferrous chloride by
converting ferrous chloride to Fe2O3 and HCl.
The hematite produced is very pure and can be 
used for pigments, making ferrites, and also as 
sinter plant feed. In CTL process, pyrohydroly-
sis is used to convert ferric chloride to Fe2O3 
and HCl.

18.4.4.4 Titanium Solvent Extraction
The next step in the CTL process is the solvent 
extraction of titanium from the raffinate of iron 
solvent extraction. This raffinate is contacted 
with another organic phase to transfer titanium 
from the raffinate to the organic phase. Titanium- 
rich pregnant strip liquor is then produced by 
stripping the organic phase. Table 18.5 shows the 
main organophosphorus extractants, neutral 
extractant, and amine extractants used for the 
Ti(IV) solvent extraction (Zhu et al. 2011). The 
reaction times to reach extraction equilibrium of 
Ti(IV) are shown in Table 18.6 (Zhu et al. 
2011). The two most important extractants for 
Ti(IV) are D2EHPA ((HA)2) and Cyanex 923 
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Table 18.4 Proposed species of Ti(IV) at various pH and HCl concentration levels (Zhu et al. 2011)

Acidity pH>3.3 pH =3.3–2.0 pH =2.0–0.3 pH =0.3–[H+]=4 M

Species (Ti(OH)4 · 4H2O)0;  
(Ti(OH)5 · 3H2O)−  
(Ti(OH)6 · 2H2O)2−

(TiOOH ·2H2O)+ ; 
(Ti(OH)3 ·H2O)+; 
(Ti(OH)4 · 2H2O)0

(TiOH)3+; 
(Ti(OH)2)2+; (TiOOH)+

TiO2+

Acidity [H+]=4 M–8 M [H+]=8 M–11 M [H+] > 11 M

Species (TiCl)3+; (TiCl2)2+; 
(TiCl3)+; (TiOCl)+

(TiCl3 · 2HCl)+; (TiOCl ·HCl)+; 
(TiCl4 · 2HCl)0

(TiCl4 · 4HCl)0; (TiCl5 · 3HCl)−; (TiCl6 · 2HCl)2−

V.I. Lakshmanan et al.
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(TRPO—Tri- alkyl phosphine oxide). The fol-
lowing equations show the reaction that takes 
place between the aqueous and organic phases, 
when these two extractants are used (Biswas and 
Begum 1998; Remya and Reddy 2004):

 
TiOCl HA TiO HA H Cl2 2 2 2

2 2 2+ ( ) = ( ) + ++  

 
(18.16)

 TiOCl TRPO TiOCl TRPO2 22 2+ = ×  (18.17)

Fig. 18.11 Distribution 
diagram of Ti(IV) oxy- 
chloride species at 0.1 M 
Ti(IV) activity and 298 K (Zhu 
et al. 2011)
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Table 18.5 Commonly used acidic organophosphorus, neutral organophosphorus and amine extractants in solvent 
extraction study (Zhu et al. 2011)

Type/extractant Chemical name Formula

Acidic organophosphorus extractants

Alkyl phosphoric acids Di(2-ethylhexyl)phosphoric acid (D2EHPA) (RO)2(OH)P=O;
R=CH3(CH2)3CH(C2H5)CH2

Alkyl phosphonic acids 2-Ethylhexyl phosphonic acid mono-2- 
ethylhexyl phosphoric ester (EHEHPA)

R(RO)(OH)P=O;
R=CH3(CH2)3CH(C2H5)CH2

Alkyl phosphinic acids Di-2,4,4-trimethylpentyl phosphinic acid 
(Cyanex 272)

R2(OH)P=O;
R=CH3CH(CH3)2CH2CH(CH3)
CH2

Thio-alkyl phosphinic acids Di-2,4,4-trimethylpentyl 
monothiophosphinic acid (Cyanex 302)

R2(OH)P=S;
R=CH3CH(CH3)2CH2CH(CH3)
CH2

Di-2,4,4-trimethylpentyl dithiophosphinic 
acid (Cyanex 301)

R2(SH)P=S;
R=CH3CH(CH3)2CH2CH(CH3)
CH2

Neutral organophosphorus extractants

TBP Tri-n-butyl phosphate (RO)3P=O, R=butyl

TOPO Tri-octyl phosphine oxide R3P=O, R=octyl

Cyanex 923 (TRPO) Tri-alkyl phosphine oxide A mixture of R3P=O,
R2R′P=O and RR′2P=O,
R=octyl, R′=hexyl

Amine extractants

Alamine 336 Tri-octylamine (C8H17)3N

Aliquat 336 Tri-octyl methylammonium chloride (C8H17)3CH3N+Cl−

Table 18.6 Contact time for Ti(IV) extraction to achieve equilibrium (Zhu et al. 2011)

Extractant

Contact time (min) Primary conditions

T (°C) HCl (M) Diluent

D2EHPA 40 20 – Kerosene

120 30 1.0 and 0.5 Kerosene

EHEHPA <5 30 0.2–1.5 Xylene

300 20 – Kerosene

90 30 1–2 Kerosene

60 Room 0.5 Kerosene

Cyanex 272 120 30 0.14 Xylene

Cyanex 302 <5 30 0.1 Xylene

<2 25 ± 2 0.01–5 Toluene

Cyanex 301 <2 25 ± 2 0.01–5 Tolulene

TBP 3 Room 10 16 % 
Decanol +Dodecane

TOPO 5 Room 8 7 % 
Decanol +Dodecane

Cyanex 923 <3 30 1–7 Xylene

<2 30 1–4 Kerosene
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The solvent extraction process developed by 
PRO for the CTL process is extremely selective 
and results in very pure Ti-rich strip liquor with 
ppm levels of impurities.

18.4.4.5 Precipitation
Hydrated titanium dioxide is produced from the
Ti-rich pregnant strip liquor by thermal precipita-
tion at 85–95 °C according to (18.18).

 
TiOCl H O TiO OH HCl2 2 2

2 2+ ® ( ) +
 

(18.18)

The particle size has to be ideally in the range 
of 200–300 nm with a narrow distribution for the 
best opacity or hiding power as required in 
 pigments (http://www.titanium.dupont.com/). 
The particle size of the TiO2 product is a critical 
component of the product quality. The particle 
size distribution of CTL TiO2 product is shown in 
Fig. 18.13 (Lakshmanan et al. 2012c).

The particle size distribution of a reputed 
commercial sample is also shown in Fig. 18.13 
for comparison. It can be seen that the CTL TiO2 
product better meets the narrow particle size 
requirement sought by pigment manufacturers. 
The CTL product has 80 % particles in the 200–
300 nm range while the best commercial pigment 
has about 60 % in the range. This is a major 
breakthrough in the industry. The acid produced 
by reaction (18.18) is recycled to the process 
making it environmentally very attractive.

18.4.4.6 Calcination
After washing the pulp to remove impurities, 
hydrated titanium dioxide is dried and calcined 
to produce titanium dioxide according to 
reaction 18.19.

 
TiO OH TiO H O( ) ® +

2 2 2  
(18.19)

During calcination, the precipitate is transformed 
to rutile TiO2. The particle size and other physical 
properties are controlled to meet specifications 
during the finishing stage.

18.4.4.7 Finishing
During the finishing stage, the calcined TiO2 is 
ground to break up any sintering that may have 

occurred during calcination. Then the calcined 
TiO2 is surface coated with silica and alumina to 
improve the UV protection and enhance the opti-
cal properties.

18.4.4.8 Product Quality
The main use of TiO2 is for the pigment in paint 
industry. The technical specifications for making 
pigment grade TiO2 are very strict and require 
extreme control of other transition metal impu-
rity elements, which can make the color of pig-
ment off-white and unacceptable.

The TiO2 produced before surface finishing 
has to contain ideally <10 ppm for each of Fe, V, 
and Cr. The CTL product meets all the above 
specifications. The sulfate pigments on average 
contain about 50–100 ppm Fe (http://www.kil-
burnchemicals.com/) and hence attract a lower 
price. Also, other reputed commercial samples 
from the superior chloride process have 
20–70 ppm of Fe.

The crystallinity of the product was evaluated 
using X-ray diffraction. Figure 18.14 shows the 
XRD pattern of the rutile TiO2 product 
(Lakshmanan et al. 2012a). The distinct sharp 
and narrow peaks indicate a crystal structure of 
rutile. The XRD pattern of a commercial sample 
is also shown in Fig. 18.14 for comparison.

Figure 18.15 shows the morphology of the 
CTL TiO2 product (Lakshmanan et al. 2012a).

The color rating used was the CIE 
(Commission Internationale de l’Eclairage) 
L*a*b* System. This system is an international 
standard, which was designed to approximate 
human vision. There are three components to 
this system, L*, a*, and b*. “L*” represents 
lightness ranging from 0 to 100 where 0 is dark 
and 100 is light. “a*” represents red-green bal-
ance in which positive values are more red while 
negative values are more green. “b*” is similar 
in that it represents yellow-blue where positive 
values are more yellow while negative values 
are more blue. Due to the white nature of pure 
TiO2 product, it is difficult to visibly see the dif-
ferences in the “a*” and “b*” values. The BYK 
made spectro-guide sphere was used for mea-
suring L*, a*, and b*. Daylight D65 was used as 
a CIE standardized light source with 10° 
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observer angle. Table 18.7 shows the lightness 
of a TiO2 product from the CTL process 
(Lakshmanan et al. 2012a). The Lightness (L*) 
values of some other commercial samples are 

also shown in Table 18.7 for comparison. It can 
be seen that the lightness value of the CTL prod-
uct surpasses the lightness of other commercial 
samples.

Fig. 18.14 X-ray diffraction patterns of a CTL TiO2 product and a commercial sample (Lakshmanan et al. 2012a)

18 Innovative Process for the Production of Titanium Dioxide
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18.4.4.9 Bench-Scale Test Work
An ilmenite ore containing 22.8 wt% of Ti, 
38 wt% of Fe, 0.13 wt% of Cr2O3, 4.69 wt% of 
SiO2, and 2.82 wt% of MgO with a mesh size 
of—100 was used as feed material for the recov-
ery of titanium. Laboratory-scale leaching exper-
iments were carried out using a solution of 
hydrochloric acid and magnesium chloride as a 
lixiviant under atmospheric pressure at 70–73 °C 
for 4 h. The leaching conditions and results are 
given in Table 18.8.

The results show that extraction of titanium as 
high as 96.9 % was achieved for a solid loading 
of 8.8 % and HCl level 1.4 times of stoichiomet-
ric amount and MgCl2 concentration at 

300 g/L. At stoichiometric concentrations of 
hydrochloric acid, magnesium chloride appeared 
to have significant effect on the extraction of tita-
nium. The effects of magnesium chloride in 
increasing extraction of titanium were most pro-
nounced at concentrations of hydrochloric acid 
that were greater (1.2× and 1.4×) than the stoi-
chiometric amount required for the extraction of 
titanium and iron as TiCl4 and FeCl3. With an 
increase in magnesium chloride concentration, 
titanium extraction reached maxima of 79 % and 
96.9 % at HCl levels of 1.2 times and 1.4 times
the stoichiometric amount, respectively. At the 
highest concentrations of MgCl2 that were tested, 
the MgCl2 concentrations were near the solubility 

Fig. 18.15 Morphology of a TiO2 sample (Lakshmanan et al. 2012a)

Table 18.7 Comparison of lightness of a CTL TiO2 product with commercial samples (Lakshmanan et al. 2012a)

CIEL* CTL PRODUCT Commercial sample 1 Commercial sample 2 Commercial sample 3

Lightness, L* 100.48 99.56 99.63 99.39

V.I. Lakshmanan et al.
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limits in the solutions used. Thus, the results indi-
cate that there is an optimal range of concentra-
tions of both hydrochloric acid and magnesium 
chloride for the extraction of titanium and iron 
from the ore into solution. At hydrochloric acid 
level of 1.4 times the stoichiometric amount, the 
optimal magnesium chloride concentration was 
300 g/L.

In a series of comparative experiments, to 
identify the effect of concentration of hydrochlo-
ric acid in the absence of MgCl2, a series of 
leaching experiments were conducted on another 
ilmenite ore with mesh size of—100 that con-
tained 26.8 wt% of Ti, 35.8 wt% of Fe, 0.03 wt% 
of Cr, and 0.12 wt% of V. Further experimental 
details and results are given in Table 18.9.

The results show low titanium extraction of 
less than 20 % in the absence of magnesium chlo-
ride, even when the concentration of hydrochlo-
ric acid was as high as 8 N and amounting to 3.83 
times the stoichiometric requirement for a solids 
loading of 5 wt%. It is evident that the use of a 
mixed chloride lixiviant of hydrochloric acid and 
magnesium chloride offers advantages in extract-

ing titanium from ilmenite ore in terms of achiev-
ing high recovery. It also permits recycling of 
hydrochloric acid, magnesium chloride, and 
magnesium oxide in the process.

The use of magnesium chloride allows lower-
ing of the hydrochloric acid concentration to no 
more than 20 % (mass ratio). This permits the use 

Table 18.8 Conditions and results using a leaching solution of HCl-MgCl2 (wt %)

Test code 1 2 3 4 5 6

Solids (initial) (g) 175 175 145 145 145 145

Solids loading (%) 10.25 9.92 10.55 10.25 10.08 9.92

HCl amounta 1.0 1.0 1.2 1.2 1.2 1.2

MgCl2 added (g/L) 200 250 200 250 300 320

Total chloride (g/L) 362 398 362 398 436 450

Solids (final) (g) 56.5 42.0 42.0 25.3 34.6 44.9

Weight loss (%) 67.7 76.0 71.0 92.6 76.1 69.9

Ti extraction (%) 64.7 65.8 46.0 76.5 79.0 57.2

Fe extraction (%) 71.7 72.4 74.4 69.3 70.2 64.2

Test code 7 8 9 10 11 12

Solids (initial) (g) 141 125 125 125 125 124

Solids loading (%) 9.00 9.23 9.00 8.81 8.67 8.00

HCl amounta 1.2 1.4 1.4 1.4 1.4 1.4

MgCl2 added (g/L) 386 200 250 300 320 386

Total chloride (g/L) 498 362 398 436 450 500

Solids (final) (g) 30.6 23.7 30.6 17.3 17.4 26.2

Weight loss (%) 78.3 81.0 75.5 86.2 86.1 78.9

Ti extraction (%) 42.9 53.3 78.6 96.9 93.6 77.0

Fe extraction (%) 48.9 77.9 98.9 84.8 87.2 83.6
aHCl amount =stoichiometric amount of hydrochloric acid according to (18.14) and (18.15), based on the amount of 
titanium and iron in the sample being leached

Table 18.9 Conditions and results using a leaching solu-
tion of HCl (wt%)

Test code 13 14 15 16

Solids (initial) (g) 27.7 50 30 50

Solids loading (%) 5 13 5 21

Solution volume (mL) 500 308 500 158

HCl concentration (N) 4 6 8 11.6

HCl amounta 2.07 1.06 3.83 1.05

Total chloride (g/L) 142 215 284 416

Solids (final) (g) 7.4 13.4 8.0 13.4

Weight loss (%) 31.4 37.6 50.0 59.2

Ti extraction (%) 7.0 6.3 17.5 18.5

Fe extraction (%) 37.4 13.2 36.7 30.9
aHCl amount=stoichiometric amount on hydrochloric
acid according to (18.14) and (18.15), based on the 
amount of titanium and iron in the sample being leached

18 Innovative Process for the Production of Titanium Dioxide
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of the azeotropic HCl solution produced by pyro-
hydrolysis without the need to add substantial 
amounts of concentrated hydrochloric acid, 
thereby avoiding disposal of excess hydrochloric 
acid, which is an environmental problem. In addi-
tion, the use of lower concentration of hydrochlo-
ric acid will result in lower extraction of impurities 
or gangue from the ore, and thus decrease the 
downstream burden for the removal of impurities.

The solution purification was carried out using 
solvent extraction and consisted of two different 
stages of extraction in a countercurrent circuit. In 
the first stage, iron removal was carried out and in 
the second stage titanium was extracted. The strip 
solution obtained from the second stage solvent 
extraction was used to precipitate titanium dioxide. 
The barren solution was used for reagent recovery 
and the regenerated leach liquor was recycled. 

Nano-sized rutile TiO2 powder was produced by 
controlling thermal precipitation conditions.

18.4.4.10 Pilot Scale Testwork
A titanium extraction pilot plant run was carried 
out to obtain the design criteria for capital and 
operating costs, samples for market evaluation, 
and data for environmental needs. The pilot plant 
run was performed on an ilmenite feed material 
assaying ~14 % Ti and 42 % Fe.

The pilot plant included unit operations for 
leaching, solid–liquid separation, solution purifi-
cation, and titanium extraction by SX operation 
and thermal precipitation. The three leach tanks 
in the leach circuit were set up in a cascading 
fashion to allow the slurry to flow cocurrently 
from one tank to the next. The slurry from the 
third tank was discharged into a barrel and then 

Table 18.10 Comparison of TiO2 production processes

Chloride Sulfate CTL

Raw material ($/t of TiO2 
feed)

Higher cost ($2000+) Lower cost Lowest cost

Ilmenite ($300) Ilmenite ($250)

TiO2 product ($/t of TiO2) High value ($4500) Low value ($3500+) High value ($4500)

Capex Highest (including front
end)

Medium Lowest

Opex Highest (including front
end)

Medium Lowest

Environmental Medium challenges Major challenges Environmentally friendly

Flexibility in processing 
raw material

Limitation (Ca, Cr, Mn, 
Mg, V, size)

Limitation (Cr, V) Flexible

Process condition High Temp. High Temp.
(140–180 °C)

Low temp., atmospheric

Chlorine (800–1000 °C) Leaching (70 °C), 
precipitation (90 °C)

Technology Old Old Patented, new

End to end in one location Not practiced Possible Possible

Pigment production Rutile Rutile/anatase Rutile/anatase

Commercially proven 
process

In practice In practice Innovatively applied, will 
soon be in practice

Environmental challenges Disposal of iron and 
other by-product 
chlorides

Disposal of large iron 
sulfate product and dilute 
acid

Minimum environmental 
impact, iron oxide as 
by-product

Safety requirements High (chlorine at high
temperature)

High (high temperature
acid digestion)

Low (no pressurized vessel 
and lower temperature)

Chlorine and carbon–
carbon containing 
chemicals at high 
temperature

Challenges to handle N/A N/A

Energy consumption High High Efficient

Sulfur price No effect Substantial effect No effect

V.I. Lakshmanan et al.
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filtered using a plate and frame filter press. The 
pregnant liquor obtained after filtration was used 
for the SX operation.

The SX and thermal precipitation circuits ran 
continuously for 100 cycles under steady-state 
conditions. The titanium concentration in the 
final strip liquor was analyzed to be ~17 g/L, 
which was used for thermal precipitation of TiO2.

18.4.4.11 Scale-up of CTL Technology
After completing the bench-scale test work on an 
ilmenite ore, pilot scale test work was started at 
0.3 kg/day (~100 kg/year) in the TiO2 mini plant 
located at Process Research Ortech Inc. in 
Mississauga, Ontario, Canada. This was later 
scaled up to 3 kg/day (~1 tpa) TiO2 pilot plant and 
then to 10 kg/day (~3.3 tpa) TiO2 pilot plant. First 
commercial plant of 50,000 tpa capacity is cur-
rently under construction. This scale-up is within 
the accepted scale-up factor for such plants.

18.5  Comparison of Titanium 
Dioxide Production 
Processes

CTL process is compared with Sulfate and 
Chloride processes in Table 18.10.

18.6  Conclusion

An innovative hydrometallurgical technology 
(CTL process) has been developed for the pro-
duction of pigment-grade titanium dioxide from 
ilmenite ores using a mixed HCl–MgCl2 lixivi-
ant. Innovative aspects of the process include 
treatment of low-grade feed materials, mixed 
chloride leaching, selective removal of Fe by sol-
vent extraction, thermal precipitation of TiO2, 
and reagent recycle. The process is environment 
friendly with recycling of reagents. Pigment- 
grade TiO2 product meeting industry specifica-
tions can be produced using the patented CTL 
process. The process is currently producing TiO2 
for market evaluation and a manufacturing plant 
at 50,000 t/year TiO2 production capacity is 
under construction in Quebec, Canada currently.
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19.1  Introduction

Operating and capital cost reduction is the  driving 
forces behind technology development in the 
electrolytic process field. Reducing energy and 
labor costs are central to overall cost reduction.

Large-scale electrolytic refining of copper, 
nickel, and lead has focused on productivity 
improvements including electrode handling auto-
mation to reduce costs, whereas the higher energy 
consuming copper electrowinning has developed 
energy reduction technology. Energy reduction has 
centered on anode technology. The zinc industry 
like the copper refining with its large cathode prod-
uct handling requirements has been driven to auto-
mation technology and larger equipment. Recently, 
copper process technology developments in acid 
mist abatement have been transferred to nickel 
electrowinning. Technology transfer between simi-
lar electrometallurgical industries is an important 
process in reducing cell house operating costs and 
designing more capital efficient cell houses.

This chapter focuses on the technical develop-
ments in the electrometallurgical processing of 
certain metals that use aqueous sulfate and chlo-
ride electrolytes.

19.2  Copper Electrorefining 
and Electrowinning

Unlike lead, zinc, and nickel recovery processes, 
copper recovery using electrolysis, either by 
refining or electrowinning accounts for almost all 
of world copper cathode production. This is 
because the main industrial use for copper is for 
electrical conductivity purposes and this requires 
very pure copper product that can only be pro-
duced on a large scale through electrolysis.

Before 1865, recovery of copper metal was by 
fire refining. This process produced an impure cop-
per product in comparison to electrolytic processes. 
Elkington developed and patented an electrolytic 
copper process in 1865 using a dynamo electric 
machine that produced direct current for industrial 
use. His focus was not on copper but silver recov-
ery but the copper produced was of the highest 
chemical quality. The first commercial refinery 
started up in 1869 in Pembrey, South Wales. So it 
was by accident that the first electrolytic process 
for producing base metals was discovered.

The first copper refinery built in the USA was 
built at Balbach, PA in 1875 and treated south-
west USA copper ores that were high in gold and 
silver. In 1891 the electrical generator design was 
improved at a time when there was a large 
demand for new electrical lighting and within 10 
years eleven more copper refineries were built in 
the USA.

mailto:tim.robinson@outotec.com
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Copper refining technology with its large cell 
house footprint has focused most of the technical 
development on productivity and automation 
rather than energy reduction as energy require-
ments (~340 kWh/t of copper) (Moats et al. 2013) 
are low compared to copper, zinc, and nickel 
electrowinning. The biggest productivity step 
change in refinery design has been the develop-
ment of a permanent cathode system, like zinc 
electrowinning. This occurred in the late 1970s at 
Townsville, Australia. This technology, which 
plated copper onto permanent stainless steel 
cathode plates, was more automated and removed 
the requirement for starter sheet section. 
Derivations of this more automated technology 
occurred in Canada in late 1980s and with 
Outotec of Finland in the late 1990s.

New developments include higher current 
density (and smaller refinery footprint) with the 
Mettop BRX technology. This was first demon-
strated at over 400 amperes per square meter 
(ASM) at Brixlegg, Austria in 2005 and uses a 
relatively high electrolyte parallel flow by mani-
fold installed in each cell. This gives homoge-
nous distribution of copper concentration and 
temperature to the permanent cathode plating 
position while not disturbing the slimes fall of the 
dissolving copper anode.

Other productivity developments include large 
robotic cathode stripping machines, automated 
cranes that can handle cathodes and anodes 
simultaneously, fast anode preparation machines, 
and polymer concrete cells that have replaced 
lead or plastic lined cells and have lower mainte-
nance costs.

Permanent cathode technology and more 
advanced anode preparation machines have also 
improved copper cathode quality with more ver-
tical electrodes. Cathode smoothing reagent 
measurement such as Reatrol (Thiourea) and 
Collomat (Glue) has also helped improve cath-
ode quality.

Energy efficiency development has centered 
on cell voltage and temperature monitoring and 
the early detection of short circuiting between the 
electrodes that reduces current efficiency. This 
also improves cathode quality.

Copper electrowinning (EW) as we know it 
today began as by-product or side processes of 
larger base metal plants. Boston and Montana’s 
Great Falls copper refinery in Montana began to 
use copper EW cells for liberators and copper 
balance regulation in the late 1880s. These 
cells used cast lead anodes. Nikkelwerke in 
Kristiansand developed a copper EW process 
from 1905 to 1910 to treat the by-product copper 
from the Hybinette process to treat nickel–copper 
matte. This by-product recovery plant used cast 
lead anodes and the EW cathode was melted into 
Cu ingots.

In the years leading up to the First World War, 
two ventures in Arizona (Ajo) and northern Chile 
(Chuquicamata) began to plan, pilot, and test for 
direct electrowinning of copper from copper 
leach solutions. Large and valuable low-grade 
oxide ore reserves had proved difficult to float 
and so new direct EW processes were developed 
and piloted.

Leaching of oxidized ore from Calumet and 
Arizona (C&A) Copper Co’s new Cornelia mine 
at Ajo in Arizona began in July 1912 at their 
smelter laboratories in Douglas, AZ. In August 
1914, a pilot plant was commissioned at the mine 
site treating 1 t/day to confirm the leach and elec-
trowinning process. A 40 t/day pilot plant was 
built in early 1915 to confirm initial findings and 
ultimately a 5000 t/day commercial plant was 
built in 1917 and operated until 1930.

EA Cappelen Smith (or Pierce-Smith con-
verter fame) of the Chilean Exploration Co built 
a 15 t/day pilot plant at the Perth Amboy copper 
refinery in NJ to demonstrate a new EW process. 
In 1916 a commercial plant was built on site at 
Chuquicamata in northern Chile.

These first large EW tankhouse designs were 
based on refinery starter sheet technology. Based 
on these first commercial designs in Chile and 
Arizona, more direct EW plants would be built in 
Mexico, central Africa, and the USA and more 
automated starter sheet handling machines would 
be developed.

EW cathode quality has always been not up to 
copper ER purity due to the direct EW processing 
from impure leach solution. Solvent extraction 
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technology had been used in uranium and 
 vanadium extraction and in the 1960s General 
Mills Chemicals began developing organic 
extractants designed for copper recovery. Pilot 
plants were set up first at Bagdad, AZ in 1965 
(now Freeport- McMoRan Bagdad), Duval (at 
Esperanza), and then at Ranchers Bluebird near 
Miami, AZ. Ranchers became the first commer-
cial plant and copper SX technology has now 
become the standard in the hydrometallurgical 
copper industry.

Productivity gains in EW design over the past 
40 years have historically tracked copper refining 
with the application of permanent cathode tech-
nology in South American and southwest USA 
copper SX-EW projects. Some copper EW tank 
houses are designed with relatively large elec-
trodes (1.3 m long and similar to Zn EW) such as 
at Safford, Arizona to minimize capital cost.

The trend toward higher productivity with 
higher current densities, in larger EW plants, 
has led to advances in acid mist abatement tech-
nologies. Most of this development has occurred 
in South America with cross flow ventilation 
systems and Outotec and SAME cell hood 
technology.

Copper EW has focused more on energy 
reduction technology than ER because EW con-
sumes considerably more electrical energy 
(over 2000 kWh/t of copper) (Robinson et al. 
2013). These developments have focused on 
the EW anode.

A significant energy saving innovation, a 
PGM-coated titanium anode, was commercial-
ized in 2007 and similar anodes have been 
installed at other EW facilities in North and 
South America. The coated titanium anode has 
produced a 15 % reduction in cell voltage and 
eliminated lead completely from the EW opera-
tions (Sandoval et al. 2010a).

Also in 2010, researchers from Freeport- 
McMoRan described work involving alternative 
anode reaction technology that would oxidize 
ferrous to ferric ion at the anode and reduce cell 
voltage by approximately 50 %. Whereas typical 
copper EW would produce acid and oxygen at 
the anode, this ferrous–ferric reaction would not 
produce acid mist (Sandoval et al. 2010b). 

Although promising, the technology has yet to be 
commercialized.

In short, the electrorefining copper process 
still dominates world copper production—with 
about 70–80 % of production (Moats and Free 
2007). Refining technology development has 
focused on productivity, automation, and quality. 
Due to its higher electrical energy consumption, 
the copper EW industry has also focused on elec-
trical energy reduction as well as improvements 
in productivity, automation, and quality.

19.3  Electrolytic Lead Refining

Up to the late 1800s, lead was pyrometallurgi-
cally refined. However, this process produced an 
impure final lead product and there were opera-
tion occupational health issues in early lead refin-
ing furnaces. First development of an electrolytic 
lead refining process used a lead bullion anode 
and an acetate electrolyte by Tommasi 
(1871/1891) and NS Keith (1878) (Betts 1908). 
The lead cathode produced in this electrolyte was 
spongy and difficult to clean.

The lead plated in an acetate electrolyte was 
unable to be used as starter sheets and this proved 
problematic for potential commercial scale-up. 
Electrolytic processes were at their early stage of 
development but still allowed for fast and easy 
construction of pilot plants made of small cells 
and electrodes that could test the many different 
electrolytes specifically for lead refining.

By the late 1800s, New York City area (includ-
ing New Jersey) had become the world center 
of the electrolytic copper refining industry. 
Successful commercial application of copper 
refining used glue addition as a smoothing agent 
to produce smooth and rigid starter sheets for fur-
ther plating.

Anson Betts in a New York laboratory began a 
series of experiments with different electrolytes 
in a small pilot cell arrangement consisting of 
four small bench scale cells that contained eight 
cathodes each. Electrolytes tested included 
 acetate, fluoboric acid, and hydrofluosilicic acid 
and eventually hydrofluosilicic acid was chosen 
due to low cost, relatively higher conductivity, 
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and high lead solubility. Betts also tested glue 
(gelatin) as an addition reagent and this made a 
dense deposit that could make a refined lead 
starter sheet from a lead bullion anode.

The main advantages of the electrolytic lead 
refining process over other lead refining pro-
cesses were that it could produce a purer lead 
product in a single step from lead bullion that 
included impurities such as bismuth, antimony, 
arsenic, silver, and gold. Both glue addition and 
hydrofluosilicic acid electrolyte were key innova-
tions that led to commercial application and led 
to the Betts Electrolytic Process or BEP being 
patented in 1901. Hygiene in the BEP was 
improved over the pyrometallurgical refining 
processes and dross recycle streams reduced.

Electrolytic processes can be scaled up faster 
than in pyrometallurgical applications due to the 
modular cell and electrode design so a small 
commercial BEP refining plant was built at 
Cominco’s existing lead and zinc plant at Trail, 
BC in Canada in 1902. The Trail location also 
had a ready source of continuous and stable 
hydropower supply.

Trail pioneered a number of innovations and 
developments in the BEP process including the 
application of aloe as a smoothing agent that 
replaced glue (Mather and Lantz 1953) Aloe was 
a stronger and more improved smoothing agent 
that allowed lead refinery current density to be 
increased with the same plant footprint. Further 
innovations included low maintenance and 
unlined polymer concrete cells, improvements in 
electrode composition and dimensional quality, 
and new slimes treatment processes.

A significant amount of development over the 
last several decades has been in BEP refineries in 
Japan and China. These developments are mainly 
focused on refinery automation (Kubota et al. 
1998; Hiraki and Ogata 1998). Lead refinery 
automation leads to higher current efficiency 
(cell voltage monitoring and electrode straighten-
ing), improved occupational health, increased 
productivity, and reduction in labor cost.

Future innovation opportunities in lead refin-
ing could implement coated titanium anode tech-
nology in lead ER liberator cells. These anodes 
use an amorphous PGM coatings pioneered by 

Freeport and Doshisha/Outotec in copper EW 
that do not precipitate lead oxide (Robinson 
et al. 2011).

Trail also piloted a bipolar lead refining tech-
nology in the 80s that enabled electrode size to 
be much larger. The advantages of this technol-
ogy were even more automated permanent cath-
ode system, lower energy, and smaller refinery 
footprint.

19.4  Nickel Electrorefining 
and Electrowinning

Electrolytic processing of nickel is unique within 
base metal processing being recovered by both 
electrorefining and electrowinning from a number 
of different electrolytes including chloride, sul-
fate, and mixtures of both. Nickel also typically 
employs separated cell technology using dia-
phragms to separate catholyte from anolyte which 
is unlike other base metal electrolytic processes. 
Besides electrolytic processing, final nickel prod-
uct can also be produced in a metal briquette form 
that is produced by hydrogen reduction or metal 
produced by the carbonyl process.

Refining of ground nickel copper matte had 
been first tried in the late 1800s at Evje smelter 
site in southern Norway using a process with 
arsenic to separate the nickel from copper but test 
work did not lead to continuous operation. In 
1905 it was decided to build a refinery at 
Kristiansand on the coast south of the smelter 
using the Hybinette Nickel refining process. 
Norway had cheap and reliable hydropower to 
supply an electrolytic process. This plant would 
be one of the first electrolytic nickel processes. 
The cells were built in pairs and used cloth cath-
ode bags to separate the anolyte and catholyte 
and a sulfate electrolyte. Kristiansand would 
eventually test and convert to a mixed sulfate/
chloride electrolyte that increased anode current 
efficiency and lower cell voltage. It was also one 
of the first copper electrowinning plants using 
lead anodes in the world in 1905. It ran until the 
early 1970s until Kristiansand converted to a 
chloride EW process using coated titanium anode 
technology.
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Inco started nickel refining with impure nickel 
anodes and cathode bags at Port Colborne, 
Ontario in 1926 (later shutdown). Today the larg-
est nickel producer, Norilsk Nickel produces 
nickel cathode from refineries at Norilsk and 
Monchegorsk in Russia. Other operations include 
Vale Thompson (1961) in Manitoba (60 ktpa) 
and Jinchang, China (100 ktpa). Electrorefining 
of nickel of cast impure nickel anodes to produce 
pure nickel cathodes is the largest producer of 
electrolytic nickel today. A description of the 
electrorefining processes can be found in litera-
ture (Boldt and Queneau 1967).

The Kristiansand refinery also operated a 
small electrowinning circuit in chloride electro-
lyte using carbon anodes that produced chlorine 
gas as a by-product. This was an ideal test circuit 
to develop a new nickel EW process in chloride 
electrolyte using anode bags that collect chlorine 
gas for leaching at the beginning of the process. 
Initially graphite anodes were tested but eventu-
ally new coated titanium anode technology (used 
in commercial chlorine production) was used in 
the new process in the early 70s. Plants that per-
form electrowinning from chloride electrolyte 
are also located in France and Japan. Typically, 
these plants operate with a cell voltage of 3 V and 
at current densities of approximately 230–
280 ASM (Crundwell et al. 2011).

Nickel electrowinning from sulfate electrolyte 
was first used in 1960 in Harjavalta, Finland. 
Plants that use this technology are now also 
located in South Africa and Canada. Nickel elec-
trowinning from sulfate electrolytes use sepa-
rated cells with either the anode or cathode bag, 
cathode starter sheets, lead anodes, and generate 
oxygen gas at the anode.

In sulfate electrolytes, the catholytic pH needs 
to be approximately 3.5 to avoid hydrogen gas 
evolution on the nickel cathode and bags are used 
to maintain optimum current efficiency. Most 
operations add boric acid to help buffer the pH 
and/or sodium lauryl sulfate to help hydrogen gas 
bubble release. Typically, cells with sulfuric acid 
electrolyte operate at a cell voltage of 3.6–3.8 V 
and a current density of 200–260 A/m2.

Developments in nickel electrowinning have 
focused on energy reduction and acid mist abate-

ment. Current passing through nickel electrolytes 
can consume relatively high energy so reduction 
of electrode spacing has led to energy reduction. 
Converting from sulfate to chloride electrolyte 
and also certain electrolyte additives can reduce 
energy consumption.

Recent acid mist abatement developments in 
nickel electrometallurgy have been transferred 
from other copper and zinc EW technologies. 
Rustenburg’s new Ni EW plant with sulfate elec-
trolyte uses cell hoods to capture acid mist, has 
converted to a permanent cathode system and 
automation to further remove operators away 
from the cell house acid mist.

While it is necessary to employ coated tita-
nium anodes (rather than lead) for chloride elec-
trolyte systems, nickel EW operations in sulfate 
electrolytes are also interested in testing this 
technology to eliminate cell and bag cleaning of 
lead oxide sludge, producing lead-free nickel 
cathode, and lower cell voltage.

19.5  Zinc Electrowinning

First large-scale zinc recovery was observed in 
India and China. Before the late 1880s zinc retort 
technology produced most of the world’s zinc. 
Zinc metal innovation and production from 
retorts was dominated by Germany and Belgium. 
Horizontal retort technology developed in 
Belgium became the standard commercial zinc 
recovery technology around the world.

In late 1800s, Frenchman Léon Letrange was 
the first to develop on an experimental scale, the 
reduction of zinc ores in a sulfate system 
(Letrange 1883). This process used roasting, 
weak sulfuric acid leaching, and electrowinning 
(EW). This electrowinning bench-scale process 
used graphite anodes and zinc starter sheets (as 
per copper refining process and later lead refin-
ing). This is now known as the roast-leach- 
electrowinning or RLE process.

Compared to the retort process, this zinc elec-
trolytic process improved operator environmental 
conditions, higher recovery, and would produce a 
higher purity EW zinc cathode product that could 
be used for improved munitions fabrication.
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In the 1890s, attempts were made to develop a 
commercial zinc recovery process using chloride 
leaching. The first was Carl Hopfer and he pat-
ented a process of roasting pyrite cinders with 
salt, purifying and then electrowinning a sodium–
zinc chloride electrolyte to make zinc and chlo-
rine gas. Two plants were built in Germany and 
Winnington, England (operated until 1924) using 
rotating cathodes. In 1894, Edgar Ashcroft built a 
plant in Newcastle, NSW to treat difficult Broken 
Hill zinc ores using chloride leaching but was 
dismantled within a year.

It was soon evident that due to plant materials 
of construction and design simplicity, that the sul-
fate system had the best opportunity for large- 
scale commercial zinc production. Numerous 
attempts had been made, without success, to scale-
up and it was soon found that purification require-
ments were specific to the type of ore treated.

RLE Test plants were built in:

• Kellogg, Idaho
• Widnes, England
• Niagara Fall, NY
• Bully Hill, Colorado
• Palo Alto, California
• Nelson, BC

Shortage of brass artillery shells in 1915 at the 
western front gave added impetus to commercial-
ization of the RLE Zinc process, particularly in 
British Commonwealth countries of Canada and 
Australia. This was known as The Shell Crisis 
(Ralston 1921). Pilot plants and eventually larger 
production plants were built at:

• Anaconda, Montana: 25TPD (1915) increas-
ing to 150 TPD (1916)

• Trail, BC, Canada: 50–75 TPD (1914)
• Risdon, Tasmania: 15–100 TPD (1917–1919)

In zinc electrowinning in sulfate electrolytes, 
it was found that pure electrowon zinc metal 
could be easily stripped from an aluminum cath-
ode plate, thereby replacing a zinc starter sheet 
and cast lead anodes were used to replace the 
graphite anodes. So zinc EW became the first 
permanent cathode harvesting system.

Trail’s first Zn EW plant was the largest of the 
three at 50 TPD compared to Anaconda and 
Risdon. Trail had already had a strong electro-
metallurgical technical team and had been oper-
ating a commercial lead refinery since 1902 on 
the site. All demonstration plant sites had a con-
tinuous and cheap source of hydro power that 
was essential for the new energy-intensive Zn 
EW technology.

The first zinc cell houses that used manual 
handling of electrodes and a cascade flow system 
(like lead ER) in lead-lined wooden cells were 
small compared to today with only 24 cathodes. 
As current density was gradually increased the 
electrolyte had to be cooled by water circulation 
in lead coils in the cell. Trail used a Zn EW elec-
trode size of approximately 1.2 m2 (0.6 m2 each 
side) which was the same size as the commercial 
lead ER size of 1.2 m2.

After WWI, RLE plants were built at:

• Viviez, France (1922)
• Odda, Norway (1926)
• Hudbay, Canada
• Kellogg, USA
• Balen, Belgium
• Sauget, USA
• Portovesme, Italy
• Crotone, Italy
• Magdeburg, Germany

From WWII to present day, technology devel-
opment has driven productivity efficiencies in 
the zinc cell house. Once again during wartime, 
during WWII, ASARCO’s Corpus Christi plant 
was a revolutionary design that used parallel 
electrolyte flow to cells, larger electrodes 
(1.8 m2) and external air cooling of the electro-
lyte to replace the lead coils in the cells of earlier 
designs. This was known as the Jephson design 
so named after its design engineer and became 
the standard Zn EW design for a generation. 
With increasing labor costs after WWII, Lurgi 
(now Outotec) would also use this design with 
automated electrode handling machines. The 
Japanese zinc producers at Mitsui Hikoshima 
and Dowa Akita also would have their own auto-
mated Zn EW plant designs.
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Jephson design Zn EW plants included:

• Corpus Christi, TX, USA (1941)
• Boleslaw, Poland (1955/1969)
• Plovdiv, Bulgaria (1959)
• Kokkola, Finland (1969)
• Nordenham, Germany (1972)
• Ruhr Zinc, Germany (1968/1972)
• San Luis Potosi, Mexico (1982)

The drive to automate the stripping of zinc 
cathodes was higher priority than for electrolytic 
copper production due to the lower yield per ton 
than copper, relatively higher current densities, 
shorter cathode cycles, and shorter cell cleaning 
cycles to clean MnO2 from the cells.

The late 60s saw a step change in Zn EW 
design with the Jumbo electrode design by Vielle 
Montagne (VM). This technology was first 
installed in Balen, Belgium in 1969 and used 
electrodes of 2.6 m2 size, increased EW automa-
tion and improvements to plant layout (Caufriez 
et al. 1998). The VM design would still use 
Jephson parallel cell electrolyte flow and electro-
lyte cooling with air cooling towers.

VM Jumbo Zn EW plants include:

• Balen, Belgium (1969)
• Budel, Netherlands (1973)
• Penoles, Mexico (1973)
• Overpelt, Belgium (1974)
• National Zinc, USA (1976)
• Auby I, France (1975)
• VdM, Brasil (1977)
• Clarksville, USA (1978)
• Cajamarquilla, Peru (1981)

VM Superjumbo Zn EW designs increased 
cathodes per cell from 40 to 120, reduced elec-
trode spacing to 80 mm, and increased electrode 
size to 3.2–3.8 m2. VM Super jumbo technology 
was installed at Balen II, Auby II, Korea Zinc, 
and Skorpion SXEW Zinc plant in Namibia.

Cominco modernized its own Zn EW cell 
house at Trail, BC with larger electrodes (3.2 m2) 
and more automated electrode handling. 
Asturiana de Zinc further developed the super 
jumbo size of electrodes (3.6 m2) with even more 

automation and even larger cells at San Juan de 
Nieves (Spain), Flin Flon (Canada), and 
Mooresboro, NC.

Now, the latest Zn EW cell house super-
jumbo electrode designs use automation that 
removed operators away from the cell house 
acid mist, totally automated driverless cranes, 
electrode sizes up to 3.8 m2, and cells with over 
120 cathodes.

Over half the operating cost of a RLE zinc 
plant is the power cost. Future technology inno-
vation in the RLE Zinc plant will be driven by 
energy savings and include new amorphous- 
coated titanium anode technology from Outotec/
Doshisha University which lowers the anode 
oxygen overpotential and produce a lead-free 
zinc product (Robinson et al. 2011). Water cooled 
double intercell contact designs that optimize 
current distribution and real-time cell voltage or 
current monitoring will continue to be installed.

Recently, there also has been technology inno-
vation in the acid mist reduction in the zinc EW 
cell house. These developments include mist sup-
pressant foams and designed forced ventilation 
systems.

19.6  Zinc SXEW Process

Due to large-scale commercial success of the sol-
vent extraction (SX) in copper, zinc operators 
began to investigate zinc SX to produce zinc 
electrolyte for electrowinning. The feed for these 
plants is typically zinc-containing steel furnace 
dust residues.

Tecnicas Reunidas of Madrid, Spain initially 
developed this zinc SX with their ZINCEX pro-
cess installed at a number of small plants on the 
Iberian Peninsula that focused on leaching of 
secondary zinc feeds from the steel industry. The 
experience gained from these smaller plants led 
to design and start-up of larger Zn SX plant 
installations at Akita, Japan (20 ktpa), Skorpion, 
Namibia (150 ktpa leaching silicate ore), and 
Horsehead Zinc’s Mooresboro plant (150 ktpa) in 
NC, USA. The Zn SX process was used at 
Metmex, Penoles, Mexico lead smelter zinc flue 
dust leach (5 ktpa) to make Zn EW electrolyte 
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and also at the Teck pilot plant at Sullivan, BC 
that bioleached sulfide ore.

This Zinc SX process is suited to secondary 
zinc feeds such as from electric arc furnace 
(EAF) dust that contain halides and where low- 
grade zinc leach solutions need to be concen-
trated and purified to EW electrolyte zinc 
concentrations.

19.7  Conclusions

Process technology development will continue to 
optimize the electrolytic process to recover high 
purity metals. Commercial application in higher 
current density technology and developments in 
large capacity robotic electrode handling 
machines will continue to improve productivity 
and operator occupational health conditions for 
large metal producers. Lower cost and more 
energy efficient catalytic coatings on electrowin-
ning anodes will improve energy costs. Acid mist 
abatement technology will continue to be 
improved and implemented.

In short, the future looks bright for continuous 
improvement in the electrolytic process industry.
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      Innovations in Gold and Silver 
Processing       

     B.  K.     Gorain     ,     Peter   D.     Kondos    , and     V.  I.     Lakshmanan   

20.1             Introduction 

 As the gold mining industry is evolving, so are 
the challenges associated with mining. Some of 
the key challenges are low grade complex ore 
bodies at greater depths, high capital and operat-
ing costs, high energy costs, water scarcity and 
quality issues, complex environmental issues 
including tailings management, worldwide con-
straints on resources availability, stringent regu-
lations impacting the permitting processes, 
increasing stakeholder expectations, changing 
demographics of mining operations and the 
urgent need for a better assessment of project 
viability, all these in a very dynamic metals 
market. 

 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 for improving project economics and also 
allows companies to better engage with various 

stakeholders for developing robust solutions to 
issues. 

 The  average global gold ore grades   were 
around 20 g/t between 1830 and 1900; thereafter 
the decline in gold grade has been exponential as 
shown in Fig.  20.1 . It is estimated that by 2050, 
the average gold grade would be in the range 
from 0.9 to 2 g/t (Müller and Frimmel  2010 ).

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

 Despite signifi cant innovation in the gold 
industry, mining and processing still involves the 
old paradigm with signifi cant amount of waste 
transportation, processing and handling of waste 
and tailings. An ore after mining typically con-
tains mostly  gangue minerals  . The amount of 
 non-valuable gangue minerals   could be more 
than 99.0 % for a refractory gold deposit. The 
lower the head grade, the larger the volume of ore 
and waste generated. Kennecott mine in Utah 
alone handles almost 100 million tonnes of ore 
and additional 200 million tonnes of waste every 
year (Ericsson  2012 ). 

        B.  K.   Gorain      (*) •    P.  D.   Kondos    
  Barrick Gold Corporation ,   161 Bay Street, Suite 
3700 ,  Toronto ,  ON ,  Canada ,  M5J 2S1   
 e-mail: bgorain@barrick.com   

    V.  I.   Lakshmanan    
  Process Research Ortech Inc. , 
  2350 Sheridan Park Drive ,  Mississauga , 
 ON ,  Canada ,  L5K 2T4    

 20

mailto:bgorain@barrick.com


394

 To meet the needs to handle large  volumes of 
ore and waste  , 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. During the past 5–10 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 
semi-autogenous grinding mills, 500–700 m 3  fl o-
tation cells along with larger oxidative pretreat-
ment, leaching, cyanide destruction, dewatering, 
and tailings handling facilities. 

 The trend of increasing throughout and larger 
equipment is continuing despite all associated 
challenges along with an on-going trend of 
extremely high waste generation. The basic 
extraction paradigm in the mining industry is 
“drill, blast, load, haul, dump, crush, grind, sepa-
rate, leach, dewater, and tailings disposal.” There 
are many variations, but fundamentally, the para-
digm has not changed since ancient times 
(Dunbar  2014 ). Almost all the innovations so far 
have made operations in this paradigm safer, 
more effi cient, automated, and even autonomous. 
What’s needed is a major shift in this paradigm 
for a major breakthrough in the gold industry. 

 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. The gold mining industry is now fac-
ing a dilemma and there is a strong push by com-
panies, 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 the 
 area   of gold and silver processing:

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

reagents)  
•   Use of alternative water sources  
•   Environmental management of Tailings and 

Waste  
•    Seamless   integration with Value Chain  
•   Breakthrough  technologies   (focus on step 

change such as pretreatment, cheaper and 
environmental friendly alternative to oxidative 
treatment and cyanide leaching and 
detoxifi cation)    

 This chapter will review the trend in gold and 
silver processing innovations that have already 
resulted or have potential to make a signifi cant 
contribution to the mining industry. Principles of 
operation and detailed design criteria are not the 
main focus of this chapter as they are readily 
available for reference in various publications 
(Mular et al.  2002 ; Deschenes et al.  2005 ; Adams 
 2005 ; Anderson et al.  2014 ). 
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  Fig. 20.1    Trend  of   gold ore 
grade since 1834 (Müller and 
Frimmel  2010 )       
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 The following major areas in gold  and   silver 
processing will be subject of discussion in this 
chapter:

    1.    Ore body knowledge   
   2.    Comminution and classifi cation   
   3.    Pre-concentration and ore benefi ciation

    (a)    Pre-concentration   
   (b)    Gravity separation   
   (c)    Flotation   
   (d)    Magnetic separation   
   (e)    Electrostatic separation       

   4.    Cyanidation
    (a)    Cyanide leaching   
   (b)    Cyanide detoxifi cation   
   (c)    Cyanide recovery   
   (d)    Cyanide treatment of copper-gold ores       

   5.    Oxidative pretreatment
    (a)    Roasting   
   (b)    Pressure oxidation   
   (c)    Bio-oxidation   
   (d)    Ultrafi ne grinding       

   6.    Heap leaching   
   7.    Barrick’s thiosulfate technology    

20.2          Ore Body Knowledge 

20.2.1     Geometallurgy 

  U   nderstanding   of the geology and the  uncertain-
ties   associated with the ore bodies is critical to 
the success of any mining operation. This is typi-
cally carried out using data generated through 
drill holes, geological mapping, geophysical sur-
veys, and the geologist’s interpretation. Ore body 
modeling and resource estimation is the founda-
tion on which the business case for future mine 
development and operation is intricately depen-
dent. 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 posi-
tive 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.” 

 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 ). 
McCullough et al. ( 2013 ) have also highlighted 
the challenges associated with recognizing and 
embedding the value of  geometallurgy in   the 
mining value chain. The main challenge is to per-
manently 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  documented      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 
   planning   process along with building of geomet-
allurgical domain models.  

20.2.2     Quantitative Gold 
Deportment for Complex Ore 
Bodies 

  With   increasing complexities  of   gold deposits, it 
is becoming vitally important to have a deeper 
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understanding of ore gold mineralogy and deport-
ment behavior to identify the best processing 
route for maximizing the value from a deposit. 
Advances in  mineralogy technologies   have made 
it possible to accurately quantify gold 
deportment. 

 An important development  in   gold  mineral-
ogy   is the ability to carry out quantitative gold 
deportment for refractory and double refractory 
ores. The  characterization   of these ores (e.g., 
Carlin types deposits) 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 section will focus on Carlin type 
deposits to demonstrate the value of carrying out 
detailed gold deportment studies. 

 The gold ore body in north- eastern      Nevada, 
the USA, is commonly known as  Carlin type 
deposits  . Mineralization covers an extensive area 
and numerous ore bodies have been localized by 
the complex structural and lithological controls. 
Most of the economic gold mineralization is 
hosted in limy to dolomitic mudstones. The char-
acteristics of the host rocks that are believed to 
enhance their favorability to gold deposition are 
the presence of reactive carbonate, porosity, per-
meability, and the presence of iron, which can be 
sulfi dized to form auriferous pyrite (Bettles 
 2002 ). Most of the gold at Goldstrike is located in 
arsenian pyrite overgrowths or pre-ore pyrite 
(Arehart et al.  2003 ). 

 Naturally occurring organic  carbon    or    TCM   is 
found in many of these ores  within   Carlin trend 
and has the ability to adsorb the gold cyanide 
from leach solution, commonly known as  preg- 
robbing           (Stenebraten et al.  2000 ; Helm et al. 
 2009 ; Hausen and Bucknam  1984 ). The propor-
tion  of   TCM in these ores ranges from 0 to 8.5 % 
with  varying   preg-robbing activities from  high         to 
low which correspond to gold recoveries from 
~20 to ~90 % (Stenebraten et al.  2000 ). 

  Quantitative gold deportment of these    com-
plex   ores require an integrated approach to pro-
cess mineralogy involving  various tools   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 spectrome-
try (TOF-SIMS), X-ray photoelectron spectros-
copy (XPS), and Laser ablation 
microprobe-inductively coupled plasma mass 
spectrometry (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 and 
therefore it is important to be prudent on repre-
sentative sample selection with a clear purpose. 
Improper use of these tools could result in poor 
diagnosis and wrong interpretation. 

 Figure  20.2  shows morphology  of    dif   ferent 
  TCM in  Carlin type deposits  . These TCMs are 
typically fi ne grained irregular veins, interstitial 
stringers, and composite types, suggesting the 
complication of separating them from pyrite 
through fl otation, for example.

   Figure  20.3  shows  different   types  of   pyrite 
 morphology    for   Carlin type ores.

   Figure  20.4  shows  quantitative    gold   deport-
ment for one of  the   Carlin type  deposits   in 
Nevada. Information obtained in Fig.  20.4  is 
based on a novel gold deportment technique 
through extensive studies (Chattopadhyay and 
Gorain  2014 ).  This   provides an in-depth under-
standing of gold deportment in various ore types 
and process streams,  which   is vital for problem 
diagnosis and allows well-informed decision 
making such as defi ning strategies to develop 
innovative process solutions for metallurgical 
issues.

20.3         Comminution 
and Classifi cation 

  Comminution   costs are typically one of the larg-
est cost items in a gold milling operation. Since 
the advent of Autogenous Grinding ( AG  )    and 
Semi-Autogenous Grinding ( SAG     ) milling tech-
nologies in the late 1950s, they have established 
themselves as the present standard and are com-
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monly used in the gold industry now. These tech-
nologies have replaced the previous 
“conventional” comminution circuits involving 
crushing-ball mill or rod mill–ball mill circuits. It 
is estimated that over 90 % of the gold ounces are 
produced by milling operations, and the majority 
of these ounces come from high aspect  ratio      SAG 
circuits with signifi cant contributions from low 
aspect SAG circuit such as  in   South Africa 
(Mosher  2005 ). The main reasons for the attrac-
tion  for   SAG milling are circuit simplicity and 
typically lower capital and operating costs to 
meet the needs for operations with higher 
throughputs. SAG mills works well for handling 
clay rich sticky ores, which is a challenge for 
multistage crushing circuits requiring washing 
plants. 

20.3.1     Crushing 

  Crushing   is an important step in comminution 
that prepares the ROM ore for primary grinding 
and other downstream  processes   such as heap 
leach. The selection of the right crushers and 
crusher fl owsheet is dependent on the upstream 
mining method and blasting characteristics and 
the downstream process requirements. As pro-
cess plant throughputs are increasing, the need to 
reduce operating costs and capital cost per tonne 
of ore processed is critical. Both crusher and cir-
cuit 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 crush-
ers are now more or less eliminated from com-

  Fig. 20.2    Microphotographs  of      different types of total carbonaceous matter ( TCM ) in Carlin type deposits       
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minution fl ow sheets. Instead the cone crushers 
are employed in an SABC circuit to crush the 
recirculating 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 ). 

 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 ).  

20.3.2         HPGR   

 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 with a more 
innovative approach to crush rocks using  high 
pressure grinding rolls (HPGR)  . 

  Recent   successes of HPGR in hard rock appli-
cation such as at Freeport’s Cerro Verde in Peru 
(Vanderbeek et al.  2006 ; Koski et al.  2011 ) and 
Newmont’s Boddington in Western Australia 
(Dunne et al.  2007a ,  b ; Hart et al.  2011 ) with a 
key target of signifi cant grinding energy savings 
of 15–20 %. Both these operations have two 
stages of coarse crushing using gyratory and 

  Fig. 20.3    Different  types   of pyrite identifi ed  in   Carlin type deposits.  Plate 7A : Coarse Pyrite,  Plate 7B : Porous Pyrite, 
 Plate 7C : Fine Pyrite,  Plate 7D : Microcrystalline Pyrite, and  Plate 7E : Disseminated Pyrite       
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cone  crushers      followed by a third stage of crush-
ing involving HPGR and a single stage ball mill-
ing circuit.  

20.3.3      Mine to Mill   

 Mine to  Mill   optimization is various operations 
over the years have shown signifi cant benefi ts 
such as high mill throughput rates from reduced 
top size from mining through increased powder 
factor or blast energies (Gillot  2006 ; Kanchibotla 
 2014 ).    New blasting technologies are emerging 
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 ).  

20.3.4     Selfrag 

  Selfrag   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 comminu-
tion (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 two MP1000 pebble 
crushers and one 10 MW ball mill. Simulation 
studies showed that Selfrag has the potential to 
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reduce operating cost by A$ 19M (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.  

20.3.5     IMP Superfi ne Crusher 
Technology 

 The “IMP”    superfi ne crusher  technology      is pres-
ently evolving and has the potential for develop-
ing a broad range of application options as the 
technology matures. This “IMP” superfi ne crush-
ing concept evolved from the simple premise that 
the probability of particle breakage increases as 
the number and intensity of forces simultane-
ously 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 provide a mechanism that could 
effectively deal with fi ne hard feeds by maintain-
ing high breakage rates as hard particle  became   
   fi ner and single particle population rapidly 
expands (Kelsey and Kelly  2014 ).  

20.3.6     Classifi cation 

 Classifi cation is an important aspect of any com-
minution circuits. It is well known that a  closed 
circuit grinding circuit   with a classifi cation 
device results in signifi cant benefi ts to the com-
minution process. In the early days, mechanical 
rake and spiral classifi ers were used in closed cir-
cuit 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 function of 
both size and density, a sharp size separation 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 
recirculation stream in cyclone underfl ow lead-
ing to unnecessary grinding with poor gravity 
and fl otation responses. The ineffi ciency of  the 
  hydrocyclone separation requires the use of high 
circulating loads to minimize the mill residence 
time. High circulating loads increase the power 
requirements per tonne of ore (Albuquerque et al. 
 2008 ). 

20.3.6.1      Derrick Stack Sizer™      
 The key  for   major  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 separa-
tion has a signifi cant advantage because of its 
sharp separation. Derrick Stack Sizer™ is a 
recent innovation in fi ne screening which allows 
high separation effi ciency and high tonnage 
capacity on a much smaller footprint that possi-
ble using conventional screens (Clark  2007 ).  

20.3.6.2      Cavex Recyclone™      
 Cavex Recyclone™ is a double classifi cation unit 
in one stage, which seems to increase the sharp-
ness of separation and reduces the bypass of fi nes 
to the underfl ow. This technology uses wash 
water injection mainly to rupture the viscous 
layer to release the trapped fi nes for proper clas-
sifi cation. Recent trials and installations in grind-
ing circuits have shown to signifi cantly reduce 
fi nes misreporting to mill from 30 to 15 % result-
ing in reduction in circulating load  by      around 
50–60 % (Castro et al.  2009 ).    

20.4        Pre-concentration and Ore 
Benefi ciation 

20.4.1     Pre-concentration 

 Removal of some waste 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 
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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- concentration 
is not new with application such as  dense media 
separation   and sorting on the surface since the 
1930s (Munro et al.  1982 ), also applied under-
ground (Lloyd  1979 ). It is worthwhile to note that 
not all ores are amenable to pre-concentration 
especially when the minerals are fi nely dissemi-
nated in the ore body, resulting in high losses of 
valuables in the waste product. 

 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 applications in different mining 
applications:

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

20.4.1.1      Size Classifi cation   
 Concentration 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 ; Logan and 

Krishnan  2012 ). Size classifi cation presents a 
low cost option for rejection of waste, with maxi-
mum economic benefi t at coarse particle sizes 
either at naturally arising ROM particle size dis-
tribution or at a coarse crush size, as close as pos-
sible to the  mining   face (Klein et al.  2002 ).  

20.4.1.2      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. 
The importance of ore sorting in improving eco-
nomics of marginal deposits is increasing being 
realized by the mining industry (Lessard et al. 
 2014 ; Foggiatto et al.  2014 ). 

 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 with 
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/induc-
tive (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. SonicSampDrill and IHC 
Mining have been working on the development 
of the LIBS Ore Sorter (SonicSampDrill  2014 ). 
Though there is potential, much work is required 
to  make   this technology commercial for large 
throughputs.  
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20.4.1.3     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. 

 Napier-Munn et al. ( 2014 ) have provided  a   
review of the  various   DMS technologies, with a 
focus on technologies that have been imple-
mented by the industry. Tati nickel plant in 
Botswana uses DMS to reject 70 % of mass with 
recovery of ~2/3rd of the  contained   nickel and 
has allowed the mine to target a zero cutoff grade, 
thus allowing bulk mining and simplifying the 
mine plan with increased resources. Another 
impressive application of DMS has been in 
recovery of fi ne grained gold from waste rock 
dumps at the Witwatersrand gold fi elds in South 
Africa. Despite a low feed grade (0.2–0.3 g/t), 
DMS was successful in recovering 70 % of the 
gold into 30 % of the mass. 

 Typically DMS processes are compact pro-
cesses  with   high throughput of 300–1000 t/h. 
Holloway et al. ( 2009 ) have concluded  that   DMS 
seems to be well positioned with tremendous 
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 of  DMS   in underground applications.  

20.4.1.4      Coarse Particle Flotation   
 Flotation of ore at a top size of 3 mm,    followed 
by gravity concentration of the fl otation tailings 
has been applied previously in South Africa to 
treat Witwatersrand gold ores resulting in pro-
duction of a 40 % mass pull at an overall gold 
recovery of 98 % (Lloyd  1979 ). Coarse particle 
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 to  reject   a signifi cant 
amount of feed and the coarse fl otation concen-
tration could then be ground to a fi ner size for 
conventional fl otation.   

20.4.2     Gravity Separation 

  Gravity separation   has been used historically as 
the primary step to recover gold and silver in 
many gold plants. With the advent of improved 
gravity devices such as  sluices   in the early 1900s 
followed by introduction of jigs, spirals, strakes, 
Reichert cones, and shaking tables made a sig-
nifi cant impact on recovering precious and other 
metals during the mid-1900s. Amalgamation to 
recover gold from these high grade gravity con-
centrate was common in the early days. With the 
advent of cyanidation, amalgamation has been 
phased out slowly due to health and environmen-
tal reasons. 

 With  the   rapid advances in  carbon-in-pulp and 
carbon-in-leach circuits   with possibility of 
obtaining high recoveries, the reliance on gravity 
as primary means of concentration was greatly 
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reduced (Laplante and Gray  2005 ). This was fur-
ther amplifi ed by the move towards simplifi ed 
and low capital and operating costs to treat low- 
grade oxide ore bodies with a head grade around 
1 g/t. But as complications arose leading to poor 
recovery of coarse gold in cyanidation, there was 
a trend towards larger and more effi cient gravity 
devices along with intensive cyanidation. 

 In most  of   the applications, gravity recovery 
targeted gravity recoverable gold ( GRG  )    to sup-
plement cyanidation or fl otation, increasing 
overall gold recovery by 1–5 % and slightly 
reducing some of the costs associated with car-
bon stripping and regeneration. Economic justi-
fi cation of GRG recovery can be sometimes 
diffi cult as there is a view that these GRG can be 
recovered in an adequately designed fl otation 
and cyanidation circuits. There is, however, 
some evidence that gravity circuits along with 
intensive leaching of these gravity concentrates 
can result in 0.5–1.5 % additional gold recover-
ies, at sites such as St. Ives and Kundana 
(Western Australia), Porgera (PNG) and Dome 
mine (Canada).       Recovery improvement of 20 % 
has also been reported at the Penjom mine 
(Lewis  1990 ). 

 The  recent   resurgence of enhanced gravity 
separators such as Falcon, Knelson, Kelsey jig, 
and Multi-Gravity Separators (MGS) over the 
past three decades mainly to recover gold and sil-
ver from circulating loads in the grinding circuit 
is an important development. The ability  to      char-
acterize GRG using an innovative approach by 
Laplante ( 2000 ) provided a rational basis for 
identifying opportunities with gravity 
concentration. 

 There  are   different enhanced gravity tech-
nologies commercially available. 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 mounted on a rotating shaft. The semicon-
tinuous unit uses G forces ranging from 50 to 
200 g’s, with a fl uidization based added to the 
upper zone of the bowl. Recent development is 
a unit with an ability to deliver a G force of 

600 g’s and targets particle 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 
introducing water through a series of fl uidiza-
tion holes located in rings that circle the circum-
ference of the bowl. The bowl is truncated cone 
shape and can deliver a G force of 200 g’s. The 
semicontinuous machines are more popular in 
the industry.  Kelsey jig   is also an enhanced 
gravity device that can deliver a G force of up to 
100. This technology has been successfully 
applied to many heavy metal applications with 
about 30–40 units installed globally. However, 
this is not as popular as Knelson and Falcon 
with a few thousand installations worldwide. 
 Multi-Gravity Separator   is another technology 
that seems to be the most effi cient enhanced 
gravity separator, which uses riffl ing technology 
with three main component viz. cylindrical 
rotating drum, internal scraper network, and 
variable speed differential drive. Selective sepa-
ration of fi ne particles are achieved along the 
internal surface of the rotating drum using the 
same basic principles employed by a conven-
tional shaking table but replacing the table sur-
face with a rotating drum resulting in many 
times the normal gravitational pull. 

 The  parallel   development of intensive leach-
ing technology with enhanced gravity devices is 
a signifi cant one for the gold and silver industry. 
During the last two decades, commercially avail-
able technologies such as Consep  Acacia reactor   
and Gekko In-line Reactor ( ILR)   have been uti-
lized in many gold operations with demonstrated 
benefi ts (Laplante and Gray  2005 ).  The   Acacia 
process uses high concentration of cyanide (15–
25 g/L), 3–4 g/L caustic, and 2–10 g/L of a 
  suitable   oxidation along with a leaching tempera-
ture of 50–65 °C. 

 Flash  fl otation   is an important pre- 
concentration process to recover free gold associ-
ated with base metal sulfi des or arsenopyrite 
when ore GRG content is typically less than 25 % 
(Laplante and Dunne  2002 ).  
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20.4.3     Flotation 

 Flotation has been used as a means to pre- 
concentrate refractory ores even before the 1930s 
in Canada, Australia, and Korea using oils as fl o-
tation collectors to produce bulk low grade gold 
concentrates (Richart  1912 ; Taggart  1927 ). Until 
the late 1960s, most of the fl otation activity cen-
tered in Canada came from fl otation  treatment of 
refractory  , copper-gold and other complex ore 
types (Dunne  2005 ). During the late 1960s fl ota-
tion of pyrite was a key focus in many South 
African gold operations to meet the needs of sul-
furic acid market from the booming uranium 
industry. The gold boom in the 1980s and 1990s 
led to the processing of several refractory gold 
and copper-gold deposits in Australasia, Africa, 
and the Americas using fl otation to produce con-
centrates with further treatment using bacterial 
and pressure leaching. 

 A review of the  reagents   used in gold fl otation 
is presented elsewhere (Kappes et al.  2011 ). 
Flotation using xanthates as the primary collector 
is common for liberated, placer gold and even for 
many refractory ores. Dithiophosphates are widely 
used as secondary collectors along with xanthates 
in various operations. Monothiophosphates are 
normally more stable and selective for gold miner-
als with a high silver content. In acidic fl otation 
circuits, mercaptobenzothiazole (MBT) is often 
preferred for gold bearing partially or sometimes 
fully oxidized pyrite. Modifi ed thionocarbamates 
are used in copper-gold ores, which allows some 
selectively against iron sulfi des even at a pH value 
less than 10. Many gold plants use a blended col-
lector or separate  collectors   as needed based on 
mineralogy and ore chemistry. 

  Copper sulfate   is commonly used as an activa-
tor of gold-bearing iron sulfi des in fl otation 
plants. The dosage, addition point, and the slurry 
pH range are critical parameters for maximizing 
the benefi ts from copper sulfate. Addition of cop-
per sulfate before collector appears to be impor-
tant to improve kinetics of iron sulfi des.    Addition 
 of   copper sulfate at pH values ranging from 7 to 
10 may slow down fl oatability of iron sulfi des. 
Excessive addition of copper sulfi de may result 

in lower recovery due to oxidation of xanthate 
into dixanthogen in solution, thus reducing the 
effectiveness of collection.    Copper sulfate addi-
tion also appears to impact froth stability. There 
is an optimum dosage below which results in 
high slimes recovery with a tenacious froth, 
whereas a higher dosage leads to a fragile froth 
behavior. 

  Sulfi dization   is also used for naturally oxi-
dized or tarnished iron oxides due to unfavorable 
milling environment. Solution potential control 
at −450 mV using sodium sulfi de or sodium 
hydrogen sulfi de is typically used prior to fl ota-
tion. Use of NaHS and silver ions has been 
reported to improve gold recovery at the Los 
Pelambres Mine in Chile (Chryssoulis  2001 ). 
Sulfi de ions appear to act as fl otation activators at 
low concentrations less than 10 −5  M whereas at 
concentration above 10 −5  M it acts as a depressant 
(Aksoy and Yarar  1989 ). 

 Flotation of  Carlin type double refractory sul-
fi de ores   is considered as challenging (Bulatovic 
 1997 ; Kappes et al.  2010 ). Refractory gold ores 
commonly contain free gold, submicroscopic 
gold, carbonaceous material, base metals, pyrite, 
marcasite, arsenopyrite, and pyrrhotite, with 
clays and graphitic carbon are known to inhibit 
fl otation behavior (Swash  1988 ).  The   Carlin 
refractory gold ores are mainly associated with 
arsenian pyrite, which is known to oxidize 
quickly resulting in reduced fl otation kinetics. 
Newmont has developed the N 2 TEC process to 
provide a reducing environment during grinding 
and fl otation mainly to prevent oxidation of arse-
nian pyrite (Simmons  1997 ). 

  Mineralogy and gold deportment studies   
clearly suggest that an ultrafi ne grind (sub 10 μm) 
is necessary to maximize recovery of  gold- bearing 
pyrite. A fi ner grind, however results in slower 
fl otation kinetics and poor selectivity against car-
bonaceous matter resulting in a very high con-
centrate mass pull. Novel technologies are needed 
to address this challenge. Newmont has devel-
oped the N 2 TEC process to fl oat arsenian pyrite 
in a reducing environment to minimize oxidation 
of sulfi des and this technology is presently used 
in Simmons ( 1997 ). 
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 The deleterious  preg-robbing organic carbon   
can also be removed by fl otation and either dis-
carded if the gold content is negligible (Taggart 
 1925 ) or separately treated with kerosene prior to 
cyanide leaching (Beer  1994 ). 

 With the trend of declining  head grades   requir-
ing high throughputs to improve economics, the 
need for water has increased signifi cantly over 
years. In temperate and equatorial latitudes, there 
is no shortage of water in general, although the 
disposal 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. 

  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). Barrick 
Gold has developed a new process,    Air- 
Metabisulfi te treatment ( AMBS)  , which allows 
use of seawater or brackish water for pyrite 
depression in copper fl otation with minimal met-
allurgical impact compared to that with the con-
ventional lime based process (Gorain  2012 ). The 
AMBS treatment has also resolved the issue of 
molybdenum fl otation in copper-molybdenum 
ores using seawater. 

 A holistic approach to  reagent selection   is 
becoming more important (Nagaraj and Farinato 
 2014 ) due to increased ore complexities and also 
the advent of quantitative mineralogy tools and 
better understanding of fl otation cell hydrody-
namics. In addition, due to stringent environmen-
tal regulations, there is a focus on developing 
greener fl otation reagents to meet sustainability 
goals. More recent application of  electrochemi-
cal and surface analytical techniques   has allowed 
better understanding of the fundamentals of fl ota-
tion mechanism and chemistry (Smart et al. 
2007). This is an important development that is 
already helping in better understanding of fl ota-
tion behavior of complex ores and in developing 
solutions to complex fl otation problems (Ralston 
et al.  2007 ; Fuerstenau  2007 ; Gorain  2013 ).  

20.4.4      Magnetic Separation   

 There are tens  of   thousands of  low-intensity mag-
netic separation (LIMS)   and thousands of  high- 
intensity magnetic separations (HIMS)   units used 
in the minerals industry today. A signifi cant mag-
netic separation development 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 produc-
ing high grade concentrates for sinter feed, pel-
lets for blast furnace feed and also for direct 
reduction iron processes (Arvidson and Norrgran 
 2014 ). The Wetherill separator type is still in use 
today in various forms for separating precious 
metals, typically after calcination of ore feed. 
Use of magnetic separator to recover gold- 
bearing iron oxides from roaster leach tails is also 
practiced such as at  Barrick’s Goldstrike opera-
tion   (Douglas and Semenyna  2013 ). 

 Due  to   declining grades, the need for sophisti-
cated high capacity magnetic separators is 
becoming important. Drums for low-intensity 
magnetic separators in iron ore processing are 
becoming larger, with drum diameters around 
1.5 m and widths exceeding 4 m. Other than the 
trend of increasing size, the use of cryogen-free 
superconducting coil system is also becoming 
prevalent, 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 ).  

20.4.5     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, monazite, and rutile 
are separated from non-conductive silica and zir-
con present in mineral sands. ESS works best on 
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clean surfaces and in many cases the feed needs 
to be washed and classifi ed for effi cient separa-
tion. ESS was also successfully implemented at 
several precious metals smelters recovering metal 
prills from slag, typically after the Merrill Crowe 
process. In addition, this technology has been 
successfully applied in gold mines to recover 
gold and silver from slag (Hearn  2014 ).    Dry 
grinding is typically used to liberate metal prills, 
de-dusting and  then   ESS to recover these prills 
for direct smelting rather than the conventional 
wet milling, gravity tabling followed by drying 
before sending for smelting (Maki and Taylor 
 1987 ).   

20.5      Cyanidation   

20.5.1     Cyanide Leaching 

 The use of cyanide to leach gold has been known 
as early as 1783 and studied since then in the 
1840s and 1850s by various researchers. 
 Amalgamation      was the primary recovery pro-
cess, though chlorination has also been in use in 
various gold plants. Since the development and 
 patenting   of the cyanide leaching process by 
MacArthur and the Forest brothers during 1887–
1888, the process was fi rst commercialized at the 
Crown Mine (New Zealand) in 1889 (Rose and 
Merloc  2008 ; Marsden and Sass  2014 ). This 
technology spread globally very rapidly, with 
applications at Robinson Deep (Transvaal, South 
Africa) in 1890, Mercur (Utah, USA) and 
Calumet (California, USA) in 1891, El Oro 
(Mexico) in 1900, and La Belliere (France) in 
1904. The cyanidation process was instrumental 
in rescuing a declining industry in South Africa 
allowing development of the famous gold discov-
ery at Witwatersrand in Transvaal, South Africa. 
Gold production in South Africa increased almost 
ten times from less than 300,000 oz in 1888 to 
over three million ounces in 1898 (Stanley  1987 ). 
Various  innovative   developments came from 
South Africa that made a signifi cant impact in the 
global gold industry. New process fl owsheets 
involving cyanide leaching and zinc precipitation 
replaced amalgamation and gravity in most cases. 

Batch processing in vats of separate sand and 
slimes circuits was replaced by continuous pro-
cess as we know today.    Also milling in cyanide 
solution was tested and developed at 
Witwatersrand in 1892, though fi rst commer-
cially applied in New Zealand during 1897 
(Marsden and Sass  2014 ). 

 The following innovations in the USA and 
elsewhere from 1904 to 1970s allowed a continu-
ous leaching process with a shift to “all-slimes” 
 treatment   instead of separate sands and slimes 
treatment:

•    Introduction of  tube milling   replacing stamp 
milling in 1904, allowing higher throughput 
along with a fi ner but uniform particle size 
distribution resulting in improved liberation 
and recovery (Rickard  1907 )  

•    Mechanical advancements in solid–liquid sep-
aration   during 1904–1908 including Dorr’s 
thickener and the fi rst CCD circuit imple-
mented along with Butter’s vacuum fi lter and 
Oliver’s drum fi lter (Bain  1910 )  

•   Development of  Brown’s air-agitated leach 
tanks   (New Zealand) and “Pachuca”  tanks   
(Mexico)    

 The recovery of gold and silver from cyanide 
solutions received signifi cant attention resulting 
in effi ciency of cementation through use of zinc 
dust instead of zinc shavings in zinc boxes, 
deaeration of pregnant solutions along with addi-
tion of a small amount of soluble lead salt to solu-
tions prior to contact with zinc (Clennell  1915 ). 
This process is now referred to as “ Merrill- 
Crowe    ” after the developers of this technology. 

 The next major development in gold and sil-
ver processing was the use of activated carbon 
and the carbon-in-pulp  process  , which was 
implemented fi rst in the 1980s. The use of wood 
charcoal to recover gold from chlorination leach 
solution was patented in the late 1800s and was 
applied commercially at Mount Morgan and 
other operations in Australia, and was also stud-
ied by the US Bureau of Mines (USBM) along 
with many others during the 1920s and 1930s. 
Granular activated carbon was fi rst used at the 
San Andreas de Copan plant in Honduras in 
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1949, where the loaded carbon was sold to 
smelter for gold and silver recovery.  The   Getchell 
mine in Nevada operated a 500 t/day CIP plant 
and a patent was granted to McQuiston and 
Chapman in 1951 for a CIP technique (Marsden 
and Sass  2014 ). 

    Activated carbon was used commercially in 
1952 at the Carlton Mine in Cripple Creek, 
Colorado, which also had a reactivation kiln for 
carbon regeneration. These features allowed the 
carbon adsorption methods to be more economi-
cal than the Merrill-Crowe process and were an 
important development in acceptance of the CIP 
process worldwide (Marsden and Sass  2014 ). 
The Homestake mine in South Dakota was the 
fi rst largest scale application of the CIP process 
in 1973. With further development in the carbon 
elution process at Anglo American Research 
Laboratory (AARL) along with research efforts 
at Mintek, CIP spread rapidly in South Africa at 
Modderfontein, President Brand, Randfontein 
Estates, Western Areas, Rand Mines, Beisa and 
11 other installation during 1981 to 1984 (Boydell 
 1984 ).  The   fi rst CIP plant in Australia was com-

missioned at Kambalda in 1981 and later at 
Norseman and Haveluck. The Jerritt Canyon 
Mine in the USA was commissioned in 1981. 

 The key enablers of  the   CIP circuits were 
development of the interstage screen, effective car-
bon elution techniques and the ability to regener-
ate the carbon using acid wash and thermal 
reactivation techniques. With better understanding 
of the processes involved, the separate leaching 
 and   CIP steps were combined mainly to reduce 
“preg-robbing” of gold and silver by naturally 
occurring carbonaceous matter in the ore, which is 
now referred to as  Carbon-in-Leach (CIL) circuits  . 
The  CIP/CIL fl owsheets   became the new standard 
for gold and silver leaching by early 1980s. 
Despite lower silver loadings on carbon, it was 
also being applied to treat primary silver deposits 
as well as gold. In the early days, however, the car-
bon consumption was signifi cant around 200–
300 g/t but with pipe and agitator design 
modifi cation and pre-conditioning of carbon along 
with rejection of fi nes and other modifi cations 
resulted in reduced consumption of 30–50 g/t. A 
 typical      CIL plant is shown in Fig.  20.5 .

  Fig. 20.5    Carbon-in-Leach  plant         
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   The  Resin-in-Pulp technology      was imple-
mented in the former USSR during the late 1960s 
and 1970s, and later some plants were reportedly 
built in Russia, Uzbekistan, Kazakhstan, and 
Kyrgyzstan. The process of resin elution and 
regeneration is considered complex and therefore 
are not popular in the gold and silver industry. 
Commercial applications outside of former 
USSR are limited to Golden Jubilee in South 
Africa and Penjom in Malaysia.  

20.5.2     Cyanide  Detoxifi cation   

  The   accidental release of 50–100 t of cyanide in 
cyanide-bearing tailing solution from the Aural 
mining operation in January 2000 near Baia Mare 
in Romania sparked an immediate mission which 
eventuated the formation of a steering committee 
involving a wide range of stakeholders to estab-
lish a framework for the use of cyanide in the 
mining industry. As a result, the International 
Cyanide Management Code was developed in 
May 2002 and later in October 2002 the 
 International Cyanide Management Institute 
(ICMI)   was formed with the responsibility of 
administrating the code through a multi-stake 
team including representatives of mining compa-
nies. In February 2004, the  Industry Advisory 
Group (IAG)   was reconstituted by a group of 
gold producers, cyanide manufacturers, and 
transportation companies with an aim to coordi-
nate and facilitate code implementation. More 
details on the history and its recent progress have 
been provided elsewhere (Gibbons  2005 ; Beazley 
and Woods  2013 ). 

  To   meet the cyanide code guidelines (50 mg/L, 
weak acid dissociable cyanide, WAD) in tailings 
storage facilities, operations use different 
 methods to suit their application. The preferred 
method is the natural decay of cyanide through 
the leach circuit allowing an acceptable discharge 
to the tailings facilities. Use of tailings thickener 
and sometimes tailings fi ltration also assist with 
recovering and recycling cyanide-bearing solu-
tion. Many operations use this method without 
applying any other form of cyanide destruction, 
but require extreme care in monitoring concen-

trations down the leach circuit. Use of dry stacked 
tailings such as at La Coipa in Chile allows cya-
nide recycling and could complement the detoxi-
fi cation efforts. 

 Cyanide destruction using biological oxida-
tion has been successfully applied at the 
 Homestake Mines   in South Dakota since 1984 
and was later implemented at other Homestake 
operations (Whitlock and Mudder  1986 ). Inco’s 
method of using sulfur dioxide and air with cop-
per as catalyst, developed in the early 1980s, has 
been the preferred and most cost-effective 
method of cyanide destruction where natural deg-
radation is not possible. 

    Other method’s involving hydrogen peroxide 
and Caro’s acid have also been used successfully 
at different operations. Due to strong oxidizing 
conditions, both free and  WAD cyanides   are con-
verted to cyanate very rapidly and is very useful 
where rapid detoxifi cation is required such as in 
circuits with limited residence time availability. 

  Maelgwyn Mineral Services (MMS)   have 
developed a cyanide destruction process called 
 MMS CN-D Process™.      The process utilizes 
MMS’s proprietary Aachen Reactors to use oxy-
gen, carbon, selected reagents, and catalysts to 
destroy cyanide to WAD levels well below 
50 ppm (Adams and Glen  2011 ). 

 Barrick Gold has developed the LIXKill pro-
cess involving Caro’s acid, which is typically 
used to destroy free and WAD cyanide in tailings 
reclaimed solution before it is fed to the mill and 
autoclaves (Pekrul  2007 ).    Use of alkaline chlo-
ride and hypochlorite oxidation of cyanide has 
been discontinued due to high consumption and 
costs along with the inclination to avoid any 
chloride into the cyanide leach system.  

20.5.3     Cyanide  Recovery   

 The AVR (Acidifi cation, Volatization, Recovery) 
 process   for recovering cyanide involves acidify-
ing cyanide-bearing solutions to generate hydro-
gen cyanide gas, volatilization with air to remove 
hydrogen cyanide (HCN) from solution followed 
by adsorption and recovery of HCN gas into a 
caustic scrubber system. This approach was used 
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commercially  at   Flin Flon in Canada to treat 
cyanide- bearing process solution from about 
1930 to 1995 (Marsden and Sass  2014 ). This pro-
cess was modifi ed to include high effi ciency 
packed bed adsorption towers for improved strip-
ping of HCN either from solution or directly 
from slurry thus avoiding solid–liquid separation 
(Goldstone and Mudder  1988 ). This  modifi ed 
  AVR was used at Golden Cross in New Zealand, 
Delamar Silver Mines in Idaho during the 1990s 
and more recently at Rio Paracatu in Brazil and 
Cerro Vanguardia  in   Argentina. 

 AVR has  no   t   been used extensively in the 
industry mainly because most gold plants have 
provisions of cyanide recycling procedures such 
as through tailings thickening with reclaim solu-
tion collection systems along with effective man-
agement and control of cyanide concentration 
down the leach circuits. Another reason could be 
perceived safety  issues   associated with genera-
tion of HCN gas, despite decades of safe use of 
the AVR process.  

20.5.4      Cyanidation Treatment 
of Copper-Gold Ores      

 Gold  ores      containing cyanide-soluble copper 
minerals such as chalcocite, covellite, bornite, 
cuprite, malachite, and azurite pose signifi cant 
metallurgical challenges such as low gold recov-
eries in cyanidation as well as high cyanide con-
sumption and detoxifi cation costs. Moreover, the 
presence of copper in tailings supernatant tends 
to stabilize  weak acid dissociable (WAD) cya-
nide   in a form toxic to wildlife and less amenable 
to natural degradation processes. 

 The SART (Sulfi dization, Acidifi cation, 
Recycle and Thickening) process is a major 
development in treatment of copper-gold ores 
containing signifi cant amount of cyanide-soluble 
copper. The  SART process  ,    as presently commer-
cialized, was originally developed by SGS 
Lakefi eld Research and Teck for the Lobo-Marte 
project (MacPhail et al.  1998 ). This process 
involves copper sulfi de precipitation with sodium 
hydrosulfi de (NaHS) and sulfuric acid, resulting 
in release of cyanide as HCN. The solids are sep-

arated using thickening and fi ltration to produce a 
high grade copper sulfi de solids. The thickener 
overfl ow solution is re-neutralized with lime and 
hydrogen cyanide is converted back into calcium 
cyanide, suitable for recycling to the cyanide 
leaching circuit. 

 The  fi rst   commercial SART plant was com-
missioned in 2004 at Newcrest’s Telfer Mine in 
Western Australia (Barter et al.  2001 ). Newmont 
has been operating a SART plant at their 
Yanacocha in Peru since December  2008   
(Guzman and Acosta  2009 ). Other major SART 
operations are at Maricunga in Chile, Lluvia de 
Oro in Mexico, and Gedabek in Azerbaijan to 
treat pregnant gold-bearing solutions produced 
by heap leaching. BioteQ is the commercial sup-
plier of  the   SART technology and have designed 
two commercial SART  plants   along with signifi -
cant experience in design and operation of com-
mercial sulfi de precipitation plants (Lawrence 
and Lopez  2011 ; Littlejohn et al.  2013 )   

20.6        Oxidation Pretreatment 

 Refractory ores require some degree of pretreat-
ment prior to cyanidation mainly to release gold 
locked as solid solution in the matrix of various 
gold-bearing iron sulfi des, such as pyrite, arseno-
pyrite, and arsenian pyrite. Other minerals such 
as tellurides and stibnites also have varying 
degrees of refractory behavior. Refractory ores 
do not respond well to cyanidation with very low 
recoveries and are not economical with direct 
cyanidation processes. Various challenges with 
different  types   of refractory ores have been 
described elsewhere (Guay  1980 ; Han and Chen 
 1990 ; DeSomber et al.  1996 ; Gordon  1999 ; Lunt 
and Weeks  2005 ; Dunne et al.  2007a ,  b ; Dunne 
 2012 ). The  economics   of refractory gold treat-
ment dictate a higher gold content in the feed or 
higher gold price or both compared to the “break 
even” economics of “free” gold treatment. This is 
a result of the complex fl owsheets required to 
recover and extract the gold. Consequently higher 
capital and operating costs are associated with 
refractory gold processing. Furthermore, from an 
operating perspective the cost and availability of 
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utilities (electricity and water) along with water 
quality (especially chloride content) is important 
as refractory gold treatment has a greater demand 
for both. Reagent consumptions and unit costs 
for acid neutralization and cyanide usage are 
important components of operating costs as is the 
maintenance cost given the extreme operating 
conditions in refractory gold treatment. 
Downtime for major equipment repairs is also an 
important consideration. 

 There are three main commercially used pre-
treatment routes involving varying degrees of 
oxidation of sulfi des present in an ore or in 
concentrate:

    1.    Roasting   
   2.    Pressure oxidation   
   3.    Bio-oxidation   
   4.    Ultrafi ne grinding     

20.6.1      Roasting   

 Roasting as a pretreatment process for refractory 
gold fl otation concentrates has been practiced for 
more than 130 years. Up until 25 years ago, roast-
ing was the standard process option for pretreating 
a refractory gold fl otation concentrate. As  environ-
mental restrictions   increased over the years and 
alternative processes became available, the appli-
cation of roasting has decreased signifi cantly. 

 During the early days (1860–1902), prior to 
the introduction of  cyanidation and fl otation pro-
cesses   in treatment of the refractory gold ores, 
gold recovery and extraction included combina-
tions of crushing and grinding of the ore followed 
by roasting, fi ne grinding, chlorination, and pre-
cipitation of gold. 

 Thomas and Cole ( 2005 ) have provided details 
on the following four roaster development steps. 

20.6.1.1     Rotary Kiln and Multiple 
Hearths 

  Rotary Kiln and multiple-hearth roasters   were 
used in the early days before 1940s for refractory 
ores. The single Edward roaster was the most 

common in the gold industry. The Edwards 
roaster was developed in the 1890s in Australia, 
and became the preferred roaster around the 
world (Moss  1918 ; Kadenhe and Makende  1987 ; 
Loosley  1993 ). Wood, gas, and coal were used to 
heat the roasters. With the advent of fl otation pro-
cess in the early 1900s, upgrading of ores in con-
centrate allowed the autogenous roasting that did 
not require additional external fuel. 
Notwithstanding this advancement, good tem-
perature control in the Edwards roaster was still 
an issue leading to sintering or under-roasting of 
the concentrate and thus poor gold extraction. 
Some successful applications of the Edwards 
roaster were Giant Yellowknife Mines Ltd., 
Ashanti Goldfi elds, and  Government   Roasting 
Plant in Zimbabwe.  

20.6.1.2      Fluidized Bed   
 In 1947, the fi rst Dorr-Oliver  bubbling fl uidized 
bed (BFB) roaster   was built at the Campbell Red 
Lake Mine in Canada. Since that time all Edwards 
roasters have progressively been replaced by 
BFBs. For pyrite fl otation concentrates with 
small amounts of arsenopyrite (<1 % As), a sin-
gle stage BFB bed roaster is used. Roasting of a 
bulk arsenopyrite concentrate is done in two 
stages, the fi rst stage with partial oxidizing con-
ditions to volatilize the arsenic at 500 °C. The 
cleaned arsenic-trioxide fume is cooled and the 
dust is collected in baghouses at 105 °C. The sec-
ond stage is a complete  oxidizing   roast step to 
oxidize the sulfi des to provide a porous calcine 
amenable to cyanidation. 

 One major issue with  the   BFB roaster  is   the 
uneven distribution of heat between the top and 
the bottom (Hammerschmidt et al.  2005 ). This 
temperature differential is problematic as gold 
recovery is sensitive to temperature and roasting 
should  be   carried out over a small temperature 
range.  

20.6.1.3     Circulating Fluidized Bed 
 The circulating fl uidized bed (CFB)  roasters      
were initially used in the alumina industry. 
During the 1950s and 1960s, Inco and 
Falconbridge commercialized the technology for 
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the processing of pyrrhotite to recover nickel, 
copper, cobalt and iron. For every tonne of cal-
cine production,    almost 6 tonnes are recirculated 
to provide longer residence time to eliminate sul-
fur in  the   coarser size fractions. By the 1990s, 
this technology was utilized to treat certain 
refractory gold ores (Bunk and Bruyns  1993 ; 
Kosich  1992 ; Lahti  1996 ; Thomas and Cole 
 2005 ; Hammerschmidt et al.  2005 ; 
Hammerschmidt et al.  2011 ). With the introduc-
tion of a circulating fl uidized bed (CFB), the tem-
perature differential issue of BFB was resolved. 
The CFBs are higher capacity units. The fi rst 
CFB roaster for refractory gold treatment was the 
Gidji roaster, Kalgoorlie, Western Australia, 
commissioned in 1989 (Biehl and Bunn  1990 ). 
When treating  a   fl otation concentrate with a high 
content of arsenic, the preferred roasting option 
is still  the   two-stage BFB roaster (Goode  1993 ; 
Hammerschmidt et al.  2005 ).  

20.6.1.4      Oxygenated Fluidized Bed      
 Freeport McMoRan developed a two-stage 
“whole” ore roasting process using oxygen as a 
fl uidizing gas (Bunk and Bruyns  1993 ). The fi rst 
whole-ore roaster using oxygen injection was 
built in 1989 at Big Springs, the USA. The pro-
cess has signifi cant advantages (Bunk and Bruyns 
 1993 ; Thomas and Cole  2005 ). The use of oxy-
gen dramatically reduces the heat losses present 
in the exit gases. Also, expensive to maintain 
“intensive” heat and recovery systems are not 
required. The use of pure oxygen provides for 
good sulfur and preg-robbing carbon oxidization 
at very low temperatures that are not realized in 
traditional roasting with air only. Another 
improvement to the whole-ore roasting process is 
the use of dry grinding of the feed (Thomas and 
Cole  2005 )  to   minimize the heat loss associated 
with water removal as steam. This also allows 
lower sulfi de ores to be treated by roasting. 

 In 2000, Barrick Goldstrike commissioned  an 
  oxygen roasting circuit using dry grinding and 
Freeport McMoRan Inc. oxygenated roasting 
technology. Figure  20.6  shows a photograph of 
the Barrick Goldstrike roaster  in Nevada  , the 
USA.

20.6.2          Pressure Oxidation   

 The use of pressure oxidation in the aluminum 
 industry   (Bayer’s process) dates back to the 
1890s. Almost 60 years later, this was applied to 
the base metal sulfi des, mainly due to the need to 
treat complex ore types to meet the increased 
demand for base metals. Also improvements in 
materials of construction of autoclaves for use in 
acid conditions at high temperatures and pres-
sures along with availability of high-purity oxy-
gen made it possible for use of pressure oxidation 
for  base metals   (Thomas and Cole  2005 ). 

 During 1946–1955,  Chemical Construction 
Company   (then a subsidiary of American 
Cyanamid Company) pioneered development of 
hydrometallurgical processes to treat nonferrous 
metal ores and concentrates. Their fi rst client 
Sherritt-Gordon Mines Limited, a Canadian cop-
per and nickel mining company, bought the rights 
to pressure oxidation based hydrometallurgical 
technologies in 1955. The fi rst application was 
on nickel sulfi de concentrates at Fort 
Saskatchewan, Alberta in Canada. Thereafter, 
two pressure-leaching plants were built to treat 
cobalt concentrates (Berezowsky et al.  1991 ). 

 It is remarkable as to how the technologies get 
transferred into other commodities such as  treat-
ment of zinc concentrates   at Cominco zinc opera-
tion in Trail, British Columbia in Canada during 
the 1970s. During the 1980s several new acid-
pressure- leaching plants were built to treat 
nickel-copper mattes for the platinum mining 
industry (Thomas  2005 ). This technology even-
tually got acceptance for treatment of nickel lat-
erites such as at Moa Bay in Cuba (1959) and at 
Cawse and Murrin-Murrin in Western Australia 
during the late 1990s. 

 With successful  application   of pressure oxida-
tion for different commodities, interest in the use 
of pressure oxidation to treat refractory gold and 
silver ores grew during 1970s and 1980s. Though 
some pilot installations for gold ores were carried 
out during this period, it was not until 1985 that 
the fi rst gold application was at the Homestake- 
McLauglin mine to treat refractory pyrite ores.  It 
  appears that the fi rst application of pressure 
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 oxidation to treat gold-bearing sulfi de fl otation 
concentrates was carried out at Sao Bento in 
Brazil during 1986. In 1988, an alkaline pressure 
oxidation facility was commissioned at the 
Barrick Mercur operation in Utah (Thomas 
 2005 ).  These   applications are important innova-
tions for the gold industry that paved the way for 
many applications worldwide. A number of pres-
sure oxidation plants were commissioned in 
Nevada including Goldstrike, Getchell, Lone 
Tree, and Tween Creeks during 1988–2000. 
Barrick’s Goldstrike operation was the largest by 
tonnes of ore treated. During the same period, 
some operations were built with pressure oxida-
tion viz., Lihir and Porgera in Papua New Guinea 
(McDonald  2003 ; Hille and Raudsepp  1995 ), 
Macraes in New Zealand  along   with Campbell 
Red Lake and Con in Canada. A summary of the 
gold  pressure oxidation plants   presently operat-
ing is shown in Table  20.1 .

   Table  20.1   indicates   that the gold industry uses 
both whole ore and concentrate as feed for pres-
sure oxidation. Concentrates are used as feed in 
cases where the ore is amenable to fl otation. Many 
refractory ores such as Carlin type deposits have 
poor fl otation response with high concentrate mass 
pulls and low fl otation gold recovery. Ores such as 
at Porgera has a favorable fl otation response with 
gold recoveries in the range from 92 % to 95 % 
with a concentrate mass pull and upgrade  ratios 
  (Au and S) of 14 % and 7 %, respectively. 

  Both   acidic and  alkaline   pressure oxidation 
processes are used for whole-ore treatment 
depending on mineralogy and the carbonate con-
tent of the ores. The minimum sulfi de sulfur tar-
get for autoclave feed ranges from 5 to 7 % for 
autogenous operation depending on ore mineral-
ogy. Acidic treatment is used for treating concen-
trates due to high sulfi de content and in some 
cases such as  at   Porgera where rejection of car-
bonates in fl otation is important to reduce acid 

  Fig. 20.6        Barrick’s   Goldstrike roaster in Nevada, the USA       
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consumption during acidulation of autoclave 
feed. Schematic of  a   typical pressure oxidation 
circuit treating pyrite  concentrates   is shown in 
Fig.  20.7 .

   Gold recoveries are typically higher  for   acidic 
pressure oxidation compared to that  for   alkaline 
pressure oxidation. The conversion of ferrous 
sulfate to ferric sulfate is important as ferrous 
sulfate increases cyanide consumption during 
leaching. In acid autoclaving, however, silver is 
precipitated as argentojarosite, which typically 
requires a lime-boil pretreatment stage for recov-
ering silver. Temperatures in the range from 175 
to 230 °C is optimum for acid autoclaving as this 
prevents production of elemental sulfur known to 
prevent complete oxidation and reduce gold 
recovery. Alkaline autoclave, though has signifi -
cant advantages for treating high carbonate ores, 
but the alkaline chemistry results in production of 
oxidation products (iron oxides) and encapsula-
tion of unoxidized sulfi des thus impacting gold 
recovery (Thomas  2005 ).    Alkaline autoclaving is 
normally preferred, if the carbonate content in 
ore is high, from a material construction point of 
view resulting in lower operating and capital 
costs. 

  The   acidic pressure oxidation for concentrate 
treatment  leverages   high sulfi de content to allow 
an autogenous reaction, hence there is no need 
for splash/fl ash tower on autoclave discharge for 
heat recovery. Autoclave discharge passes to a 
countercurrent decantation (CCD) wash circuit  to 
  allow recycling of thickener overfl ow to acidify 
the autoclave feed and to allow a partial recycle 
of thickener underfl ow to autoclave feed and pre-
vent formation  of   elemental sulfur as an interme-
diate  oxidation   product (Berezowsky et al.  1991 ). 

 Pressure oxidation has a major  advantage   in 
treatment of arsenic-bearing gold ores and con-
centrates, and is an important technology for high 
arsenic gold deposits. Campbell Mine (now 
Goldcorp) has successfully treated high arsenic 
(~10 %) gold-bearing sulfi de concentrates 
(S ~ 18 %) with studies showing economic and 
environmental advantages over roasting pro-
cesses (Frostiak and Haugard  1992 ). Previous 
work has shown that arsenopyrite is oxidized 
producing sulfuric acid and a ferric arsenate 
compound is produced at a temperature above 
150 °C, which  is   considered to be crystalline and 
stable at room temperature up to a pH of 8 (Neira 
Arenas and Monhemius  1998 ). 

    Table 20.1    Gold  pressure   oxidation plants (based on Thomas  2005 )   

 Operations  Company  Location  Start-up 
 Capacity 
(t/day)  Feed 

 Temperature 
(°C) 

 McLaughlin  Homestake  USA  1985  2730  Whole ore  180 

 Silo Bento  Gencor  Brazil  1986  240  Concentrate  190 

 Mercur  Barrick  USA  1988  680  Concentrate  225 

 Getchell  First Mississippi  USA  1989  2700  Whole ore  210 

 Goldstrike  Barrick  USA  1990  1825  Whole ore  225 

 Porgera  Barrick  PNG  1991  1215  Concentrate  195 

 Campbell  GoldCorp  Canada  1991  71  Concentrate  195 

 Goldstrike  Barrick  USA  1992  4700  Whole ore  225 

 Con  Royal Oak  Canada  1992  90  Concentrate  210 

 Goldstrike  Barrick  USA  1993  7065  Whole ore  225 

 Lone Tree  Newmont   USA    1994  2270  Whole ore  190 

 Twin Creeks  Newmont  USA  1996  7260  Whole ore  225 

 Lihir  Newcrest  PNG  1997  8100  Ore/concentrate  210 

 Hillgrove  Hillgrove  Australia  1999  24  Concentrate  220 

 Macraes  OceanaGold  New 
Zealand 

 1999  20  Concentrate  225 

 Pueblo Viejo  Barrick/Goldcorp   Dominican   
Republic 

 2012  24,000  Whole ore  230 
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  Newmont’s high-temperature   pressure oxida-
tion  process   for treating double refractory gold 
ores is another innovation (Simmons  1994 , 
 1996 ). In this process the “active carbon” is pas-
sivated through close control of temperature, oxi-
dation potential and acidity of the fi nely ground 
ore or concentrate in autoclave to establish condi-
tions under which the sulfi des are oxidized. 
   Newmont’s Twin Creeks operation in Nevada 
uses this process to treat whole ore. Macraes 
Mine in New Zealand also uses a similar process 
to treat fi nely ground refractory fl otation concen-
trates (Cadzow and Giraudo  2000 ). 

  Advantages   of pressure oxidation over 
roasting:

•     Higher   gold recoveries with pressure oxida-
tion for some ores with high arsenic content 
due to encapsulation of gold in the calcine and 
arsenic based products  

•   Autoclave vent gas handling requirements are 
signifi cantly lower than roaster off gas han-
dling and treatment  

•    Advantages for   treating high carbonate ores in 
pressure oxidation as heat losses with roasting 
could be high  

•   Stable arsenic product (ferric arsenate) with 
pressure oxidation  

•   Dry grinding  not   necessary    

  Disadvantages   with pressure oxidation over 
roasting

Primary and partial secondary crushing

SAG Mill
Ball Mill 

Tailings Neutralisation
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Flotation tailings

Final tailings

O/F

Thickener, Feed
Preparation
Carbonate reaction

U/F

Leach/CIP, Strip

Cip tailings
Electrowining
Retort
Smelting

Autoclave
Wash thickener

ore
stockpile

  Fig. 20.7    Schematic of  a   typical pressure oxidation circuit treating pyrite concentrates       
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•    High operating and capital cost with pressure 
oxidation  

•   Poor silver recovery due to silver jarosite for-
mation resulting in additional pretreatment 
costs  

•   Treatment  of   high preg-robbing ores challeng-
ing unless non-cyanide routes are used such as 
the use of thiosulfate process at Goldstrike     

20.6.3     Bio-oxidation 

 Interest  in   bio-oxidation treatment of refractory 
gold ores took prominence during the 1970s and 
1980s, resulting in some successful  pilot plant 
investigations   such as at Fairview, South Africa, 
using  BIOX ®  technology      and at the Equity Silver 
Mines in British Columbia. In 1986, a 10 t/day 
plant was commissioned at Fairview to process 
fl otation concentrates, which is still successfully 
operating. Sao Bento in Brazil during 1991 uses 
a bio-oxidation circuit to partially oxidized sul-
fi de concentrates ahead of the pressure oxidation 
circuit to increase throughput. Ashanti-Obuasi in 
Ghana commissioned a 720 t/day agitated bio- 
oxidation process in 1994 to treat sulfi de fl otation 
concentrates, which was later expanded to 960 t/
day and is being operated successfully. 

  The   BIOX ®  process  for   the pretreatment of 
refractory sulfi de ores was initially developed at 
the GENCOR Process Research in the 1970s and 
is now considered a mature and commercially 
viable process. Eleven new commercial BIOX ®  
plants have been commissioned during this 
period with eight currently in operation. Harbour 
Lights in Western Australia was the fi rst  licensed 
  BIOX ®  plant commissioned in 1992 with a 40 t/
day capacity. The plant was successfully oper-
ated till 1994 when the ore and stockpile reserves 
were depleted and the mine was closed. Some 
recent applications include the Suzdal BIOX ®  
plant in Kazakhstan, the Fosterville BIOX ®  plant 
in Australia (early 2005), the Bogoso BIOX ®  
plant in Ghana, and the Jinfeng BIOX ®  plant in 
China (early 2007).    The technology achieved 
another milestone with the successful commis-
sioning of the 1500 m 3  live volume BIOX ®  reac-

tors at Bogoso, the largest operating BIOX ®  
reactors to date. The commissioning of Phase 1 
of the Kokpatas plant in Uzbekistan was com-
pleted early in 2009 followed by the commission-
ing of Phase 2 in 2010. The Kokpatas BIOX ®  
 plant   is currently  t  he largest BIOX ®  plant in the 
world. About 21 million ounces of gold has been 
produced using BIOX ®  (Biomin  2015 ). 

 The fi rst operation to  use   Mintek’s BACOX 
process commercially was the Youanmi mine in 
Western Australia in 1994 (Miller and Brown 
 2005 ; Budden and Bunyard  1994 ).  BACOX tech-
nology   was then incorporated into the sulfi de 
treatment plant at the Beaconsfi eld Gold Mine in 
Tasmania in 1998 (Holder  2007 ). The bacterial 
oxidation circuit installed at Beaconsfi eld uses 
the Mintek-BacTech technology. The bacteria are 
a combination of mesophilic iron and sulfur oxi-
dizing cultures. The Laizhou Gol Metallurgy 
Plant (renamed to “Tarzan Biogold”) of Shandong 
Province, China, also uses the BACOX technol-
ogy (Miller et al.  2004 ). Interestingly the primary 
focus was to operate the plant as a toll treatment 
facility. The plant was commissioned in 2001 
(Xie et al.  2008 ; Miller et al.  2004 ). 

 The preferred  technology   for the treatment of 
concentrates in China appears to be bio-oxidation 
followed by cyanide leaching and then zinc 
cementation. The Changchun Gold Research 
Institute ( CCGRI  )    provides the process technol-
ogy support for many bio-oxidation plants in 
China (Xie et al.  2008 ) using microorganism cul-
tures isolated from hot water springs (moderate 
thermophiles) and mines in South China. The 
Olympiada Mining Combine, Russian Federation, 
developed and uses the  BIONORD ®  technology      
(Sovmen et al.  2009 ). The process was developed 
to accommodate the harsh, extremely cold cli-
matic conditions found at the Olympiada mine in 
the Krasnoyarsk Region of Russia. 

 High arsenic- bearing   fl otation  concentrates   
with bio-oxidation results in conversion of iron, 
sulfur, and arsenic to ferric sulfate, sulfuric acid, 
and arsenic acid. The acidic solution exiting the 
bacterial reactors fl ows to a CCD circuit and the 
overfl ow solution is then sent to neutralization. In 
general, the acidic arsenic liquors arising from 
bio-oxidation have high ferric iron-to-arsenic 
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ratios and this is ideal for the generation of ferric 
arsenate. A large quantity of air must be intro-
duced into the biological reactor to ensure satis-
factory oxidation rates. Many oxidation plants 
grind the fl otation concentrate to enhance leach 
kinetics. The heat released during the oxidation 
process is signifi cant.    So it is important that this 
be dispersed effi ciently since the bacteria do not 
function effectively outside their operating tem-
perature range. The heat is collected by internal 
cooling coils inserted in the bio-oxidation reac-
tors and the heat is then dispersed to the atmo-
sphere through cooling towers (Ritchie and 
Barter  1997 ). 

 It is important to  note   that  cyanide consump-
tion   is typically high in bio-oxidation process due 
to formation of polysulfi des and sulfur followed 
by conversion to thiocyanate in the cyanide leach 
circuit (Ritchie and Barter  1997 ; Miller and 
Brown  2005 ). The bio-oxidation process is 
extremely sensitive to cyanide and thiocyanate, 
and at levels above 5 ppm it becomes extremely 
toxic to the bacteria. For this reason, process 
streams need to be separated to ensure thiocya-
nate does not fi nd its way back into the bio- 
oxidation feed stream. Also the bio-oxidation 
process generates organic compounds that impact 
the activity of activated carbon and loading 
capacity of the carbon in the gold adsorption cir-
cuit (Ritchie and Barter  1997 ). Foaming in the 
 cyanide leach section   of a bio-oxidation plant is a 
problem that has impacted most bio-oxidation 
plants to some degree (Ritchie and Barter  1997 ). 
This has led to the prevalence  of   CIL circuits 
incorporating draft  tube   agitators. In addition 
anti-foaming and froth breaking agents are com-
monly added.  

20.6.4     Ultrafi ne Grinding 

  Usually    ultrafi ne grinding   is not considered as a 
chemical oxidation process, but there is some 
evidence to suggest that for certain ore types, 
grinding ores to sub 10 μm enables suffi cient lib-
eration of gold-bearing iron sulfi des. Further 
studies are required to understand the extent of 
oxidation of sulfi des after ultrafi ne grinding. 

There are a number of ultrafi ne grinding tech-
nologies such as the Glencore technology’s 
IsaMill and Metso’s SMD Detritor. Fine grinding 
and ultrafi ne grinding have been found to be an 
option for treating telluride fl otation concentrates 
before cyanide leaching (Liddell and Dunne 
 1988 ; Ellis and Gao  2002 ). The Albion process 
utilizes ultrafi ne grinding for treating refractory 
ores (Hourne and Turner  2012 ). 

 Ultrafi ne grinding is also employed ahead of 
pressure oxidation and bio-oxidation to enhance 
leaching kinetics. Fine grinding for roaster feed 
is detrimental due to low retention time in the 
roaster leading to inadequate oxidation of the sul-
fi des and thus poor gold recovery. 

 Use  of    ultrafi ne grinding   at  Kalgoorlie 
Consolidated Gold Mines (KCGM)   was the fi rst 
commercial application for oxidative pretreat-
ment before leaching with a gold recovery of 
over 90 %, thus successfully supplementing the 
Gidji roaster capacity (Ellis  2003 ). This paved 
the way for further applications such as at Cowal 
in Australia, Pogo in Alaska, and Kumtor in 
Kyrgyzstan for treating refractory and partly 
refractory gold ores.   

20.7        Heap Leaching 

 Copper heap  and   dump leaches were common in 
southern Spain in the 1700s. Heap leaching of 
gold and silver only began in 1969 at Cortez 
(Kappes  2005 ), which is still in operation with 
major expansions over years and now a major 
producer of gold for Barrick. Heap leaching of 
gold and silver was  developed   at the US Bureau 
of Mines (USBM) in the late 1960s and early 
1970s as a low cost option for low grade hydro-
thermal oxide ores. The fi rst large-scale cyanide 
heap leach for gold and silver was commissioned 
at Newmont’s Carlin Mine in 1971 processing 
low grade ores below the mill cutoff grade. The 
use of heap leach spread across the western USA 
in Nevada, New Mexico, California, Utah, 
Montana, Idaho, and South Dakota (Marsden and 
Sass  2014 ). 

 Typically, heap leaching is chosen for basic 
 fi nancial reasons  —for a given situation it repre-
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sents the best and safest return on investment 
(Kappes  2005 ). Heap leaching allows generation 
of revenue early in the life of a project to help 
delay large capital investments required for mill-
ing and additional mining operations. Gold 
recovery from heap leaches is typically ~70 %, 
although it can range from 50 to 90 %, whereas 
silver recovery is typically ~55 %. Heap leaching 
is highly dependent on the  type of ore and miner-
alogy  . Typical ore types amenable to heap-leach 
are Carlin-type sedimentary oxidized ores (e.g., 
Carlin, Goldstrike, twin Creeks), low sulfi de acid 
volcanics or intrusives (Round Mountain in 
Nevada, Yanacocha in Peru), oxidized massive 
sulfi des (Filon Sur in Spain, Hassai Mine in 
Sudan), Saprolites/Laterites (West Africa and 
Central America), Clay rich deposits (Buckhorn 
Mine in Nevada, Barney’s Canyon Mines in 
Utah),    and Silver-rich deposits (Coeur Rochester 
in Nevada and Comco in Bolivia). Figure  20.8  
   shows Barrick's Veladero operation in Argentina.

   Some of the key enablers for heap leaching 
have been discussed in earlier publications 

(Marsden and Sass  2014 ; Kappes  2005 ). Effective 
agglomeration, liner systems, stacking, solution 
distribution, and irrigation systems are important 
considerations for any successful heap leach 
operations. Carbon-in-Column (CIC)  systems   
were widely adopted since the early 1980s that 
had some advantages in handling large volumes 
of solution and also in avoiding the need for 
costly fi ltration or clarifi cation systems. 
Centralized carbon handling facilities  for   CIL 
and CIC-generated carbon allowed signifi cant 
cost savings for larger mining companies such as 
Barrick and Newmont with numerous operations 
in close proximity. 

 Heap leaching is now considered a proven 
technology beyond the conventional arid  climatic 
regions   to include extreme cold climates such as 
the Fort Knox operation in Alaska with tempera-
tures down to −50 °F and Jinshan Gold Mine in 
China with temperatures reaching −32 °C. The 
common feature of these cold climate heap leach 
operations are the use of in-heap pregnant solu-
tion storage and the direct delivery of barren into 

  Fig. 20.8    Veladero heap leach operation in Argentina          
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the heap (Keane  2007 ). Figure  20.9  shows  an 
  overall view of copper and a gold heap leach 
operations.

20.8         Barrick’s Thiosulfate 
Technology   

 Various reviews of non- cyanide   based technolo-
gies for gold and silver leaching and their mecha-
nisms have been carried out elsewhere (McMullen 
et al.  2005 ; Aylmore  2005 ; Muir and Aylmore 
 2005 ; Senanayake  2012 ; Senanayake and Zhang 
 2012 ). Some of these reviews suggest that thiosul-
fate and chloride leaching have the most potential 
to replace cyanide. Other reviews also suggest that 
this will, however, require further developments in 
reducing reagent consumption as well as better 
methods of recovering gold from solution. 

 Earlier efforts by gold mining companies such 
 as   Newmont in testing and demonstration of the 
 concept   of thiosulfate leaching of a bio-oxidized 
double refractory ore using a heap are notewor-
thy (Wan et al.  1993 ,  1994 ; Wan and Brierley 
 1997 ). During the late 1990s, Barrick has also 
studied the thiosulfate process to treat  Goldstrike 
preg-robbing ores   at a feasibility level based on 
success with many initial bench and pilot scale 
work using the ammonium thiosulfate-copper 
system for leaching and anionic exchange resin 
for extraction of the gold complex (Fleming et al. 
 2003 ).    Despite reasonably high gold recoveries 

with thiosulfate in treatment of preg-robbing 
ores, the key challenge was the need for a cost- 
effective elution process to make it possible to 
strip gold from the resin. The  environmental con-
cerns   with ground water contamination with the 
use of ammonia along with the need to overcome 
gold recovery challenges with recycled water 
containing residual ammonia were the main driv-
ers in the search for a different source of thiosul-
fate to enable development of an industrial scale 
leaching process (Choi et al.  2013 ). 

 Extensive  research and development   efforts 
led  by   Barrick initiated, during 2008, focused on 
further development of the thiosulfate leaching 
technology using calcium thiosulfate ( CaTS  )    as 
the lixiviant, as this resulted in not only high dis-
solution rates but also allowed mitigating envi-
ronmental concerns from the use of ammonium 
salt. Work carried out on various ores from 
Barrick’s Goldstrike and Cortez mines showed 
that gold recoveries for preg-robbing ores were 
not compromised using CaTS compared to that 
with ammonium salts. In addition, resins were 
shown to be the most effective means of gold 
extraction using the CaTS process instead of acti-
vated carbon used  in   CIL. The strong base type of 
resin was used in the development of the CaTS 
process by Barrick. Detailed investigations car-
ried out in-house helped in better understanding 
of the Resin-in-Leach (RIL)  systems   compared 
to that with a conventional resin-free system such 
 as   CIL. 

  Fig. 20.9     Copper and gold   heap leach operations       
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 Prevention of gold surface passivation in thio-
sulfate solution in the presence of resin through 
preferential loading of  polythionates   (due to par-
tial oxidation of thiosulfate)    on resin surfaces has 
shown to enhance gold leaching and recovery in 
RIL. Optimization of retention time  of   RIL cir-
cuits is critical to achieve the highest gold recov-
ery as excessive residence time can result in high 
concentration of polythionates on the resin sur-
faces which appears to drive gold complex back 
from resin into solution. In addition, the need for 
a lower pH range  in   CaTS is quite different to the 
high pH requirements from 9 to 10 with ammo-
nium thiosulfate for higher gold recovery. It is 
important to note that the  conventional   CIL pro-
cess involving countercurrent slurry and carbon 
fl ow confi guration is not the best for thiosulfate 
 based   RIL circuits. A combination of cocurrent 
and countercurrent confi guration has been shown 
to provide the best recovery in  the   CaTS process, 
where a portion of the resin is placed cocurrently 
with slurry fl ow in the fi rst tank and the remain-
ing resin is introduced in the last tank in a coun-
tercurrent manner to the slurry fl ow (Choi et al. 
 2013 ). 

 Based on a thorough understanding of  the 
   CaTS   process through extensive bench studies, a 
demonstration plant was successfully operated at 
the Goldstrike’s autoclave process facility, which 
operated for around 3 years since May 2010. 
Almost 1500 tonnes of different ore types were 
treated in this demonstration plant to ensure 
robustness of the process. This success is a testa-
ment to the collaborative efforts between various 
players within Barrick such as Strategic 
Technology Solutions (STS), regional metallur-
gical team, site personnel, Barrick Technology 
Centre (now AuTec) along with some external 
groups.

  Goldstrike achieved fi rst gold  production   through 
its autoclaves in fourth quarter 2014, after being 
successfully retrofi tted with Barrick’s innovative 
and proprietary thiosulfate technology. The new 
thiosulfate circuit allows for continued production 
from the autoclaves and accelerates the cash fl ow 
from about four million stockpiled ounces. The 
expected average annual contribution is about 350 
to 450 thousand ounces of production (including 
Cortez ore processed at Goldstrike) in the fi rst full 

fi ve years following implementation of this pro-
cess. In 2015, Goldstrike’s production is expected 
to exceed 1.0 million ounces with contributions 
from the thiosulfate process. (Barrick annual report 
 2014 ) 

   This plant is the fi rst  commercial plant   of its 
kind.    The success of this thiosulfate process is 
associated with the fact that this technology is a 
much more effi cient gold lixiviant compared to 
cyanide in treatment of ores associated with high 
preg-robbing behavior. This success of CaTS at 
Goldstrike at this stage should not be construed 
as a technology that could be applied to all gold 
ores. Further work is needed to better understand 
the limitations and opportunities with this tech-
nology to treat various complex ores. 

 The technology has allowed the Goldstrike 
operation to play the role of a Barrick internal 
custom milling operation, accommodating the 
processing of ores and concentrates from various 
Barrick mines throughout Nevada. Figure  20.10  
shows the thiosulfate  leaching   facility at 
Goldstrike, whereas Fig.  20.11     shows an aerial 
view of the overall Goldstrike complex including 
 the   thiosulfate leaching facility.

20.9         Concluding Remarks 

 It is becoming apparent that the future trend of 
gold mining and processing will involve ores 
with decreasing head grade with a lower gold-to- 
sulfur ratios. The proportion of gold production 
from highly refractory ore bodies involving vari-
ous iron sulfi des, carbonaceous matter, copper, 
arsenic, and mercury is expected to increase. 
Some of the key challenges with these deposits 
are suboptimal metallurgy, higher operating and 
capital costs, environmental issues associated 
with tailings and deleterious elements, increasing 
mining footprint, lack of resources including 
energy, quality water, skilled personnel, and ever- 
growing community issues. Major innovations 
with a holistic approach are essential to turn these 
marginal deposits into profi table mining opera-
tions in an environmentally friendly and sustain-
able manner. Some gold mining companies are 
already looking at breakthroughs and step-change 
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  Fig. 20.10     The      thiosulfate facility at Goldstrike in Nevada, the USA       

  Fig. 20.11     An   aerial view  of   Barrick’s Goldstrike operation (Nevada, USA) along with the thiosulfate processing 
facility       
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improvements with an integrated approach to 
problem solving (Bristow  2013 ; Dunne  2012 ; 
Kondos and Gorain  2012 ; Lakshmanan et al. 
 2012 ; Logan and Krishnan  2012 ; Phala  2012 ). 

 It is always best to address the root cause of a 
problem for enabling robust solutions to the pres-
ent and future challenges of gold mining and pro-
cessing. Our industry has been very innovative, 
no doubt, with a strong focus on making our 
existing mining paradigm safer, more effi cient, 
and automated. We have been remarkably suc-
cessful so far but to address the unique challenges 
we now face as an industry, there appears to be no 
choice but to look beyond our existing mining 
paradigm. 

 The root cause of most of the problems in the 
existing mining paradigm is the generation of 
signifi cant amount of waste and the need for han-
dling, processing, and storing this waste with 
valuables representing only a very small fraction. 
The ideal scenario will be the case for   zero waste 
mining      , in which mining will target only the valu-
ables without the need to remove the host rock 
and also all mined material will be used to create 
value added products with no waste dumps or 
tailings disposal. This is a daunting task, never-
theless, but if realized the benefi ts are signifi cant. 
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. Hence pursuing “zero waste mining” is 
worthwhile as our ultimate long term goal, but 
we must address this in small practical steps with 
a “horses for courses” approach. 

 Based on our experience and discussion with 
various players inside and outside the industry, 
some major step-change opportunities for gold 
and silver mining and processing being investi-
gated or pursued by various players in the indus-
try are presented as follows.

    1.     Minimal removal of overburden to access ore 
body :
•      Bore hole mining   : Use of small diameter 

drill holes to access the ore body along 
with use of novel biotechnologies to mine 
and recover metals (Dunbar  2014 ; 

McMullen et al.  2005 ). This is conceptual 
at this stage and will need further 
investigations.  

•     In situ gold leaching   : In situ recovery is 
presently practiced successfully in the cop-
per, uranium, and potash industry. 
Companies like Rio Tinto are looking at 
opportunities with in situ leaching as the 
“mine of the future” (Batterham  2008 ). In 
situ gold leaching has been experimented 
before by BHP in 1989 and different lixivi-
ants such as chlorides, thiosulfate, humic 
acid, and biogenic reagents have been pro-
posed previously (McMullen et al.  2005 ; 
Zammit et al.  2013 ). New technologies like 
Discrete Fracture Networking are evolving 
to make this practical in an environmen-
tally friendly manner for most ore types 
(Dershowitz  2011 ).      

   2.      Selective liberation of ores     early in the mining 
process : It is becoming 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 further development (CRC-ORE  2014 ).   

   3.        Minimal haulage of waste :
•     Pre-concentration :  This   allows processing 

to be closer to the mine site. There is a 
growing interest in pre-concentration tech-
nologies 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 positive trend and important 
 implications for the gold industry. Studies 
have suggested that integrated mining and 
waste rejection processes have high poten-
tial for deep underground  m  ining 
(Dammers et al.  2013 ; Bamber  2008 ; 
Batterham  2003 ).      

   4.      Effi cient comminution   : Technologies such as 
  Chemical Comminution    applied on a smaller 
mass after pre-concentration are also being 
investigated (Muir  2014 ). Recent innovations 
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in high intensity selective blasting to reduce 
footprint of comminution circuits is being 
tested and pursued by some operations. 
Technologies such as SelFrag to pretreat low 
grade ores (promoting fractures and high rock 
permeability) to minimize comminution 
energy is being used. This technology also has 
important implications in maximizing heap 
leach recoveries.   

   5.     Refractory ore processing :
•     Microbial gold processing :       Focus on new 

generation of low cost bio-heap leaching, 
bio-oxidation and cyanide destruction pro-
cesses using native microbial population 
along with phylogenetic fi ngerprinting is 
gaining momentum and has major poten-
tial (Brierley  2014 ; Zammit et al.  2013 ; 
Follink  2010 ).  

•    Breakthrough fl otation process :       With the 
advent of new fl otation technologies to 
treat ultrafi ne particles, and with better 
understanding of chemistry through state-
of- the-art surface analysis capabilities, the 
possibility of a fl otation breakthrough is 
likely. This has potential for a major break-
through for processing Carlin type double 
refractory deposits.  

•    Cost-effective sulfi de oxidation :  Other      than 
innovative bio-oxidation processes, there 
are signifi cant opportunities to integrate 
novel ultrafi ne grinding with new genera-
tion of pressure oxidation technologies 
involving lower capital and  operating   costs 
to process fi ne grained refractory ores that 
are uneconomical using existing 
technologies.  

•    Alternatives to cyanide    leaching      : New gen-
eration of alternative technologies are 
needed such as Process Research Ortech’s 
novel chloride leach technology for treat-
ing complex ores (Au, Cu, Ag, TCM, As) 
with an ability to maximize recovery of 
gold along with valuable byproducts 
(Lakshmanan et al.  2012 ).        

 It is important to note that parallel develop-
ment of many of these technologies is already 
happening. Also, not all these innovations will be 

relevant to every ore body as technologies must 
be tailored to suit the individual needs of an ore 
body. A systematic approach with a multidisci-
plinary collaboration involving various stake-
holders is a must to realize the full benefi ts from 
a breakthrough technology (Gorain and Kondos 
 2015 ).     
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      Innovative Processes 
for By-product Recovery and Its 
Applications       

     V.  I.     Lakshmanan      and     Ram     Ramachandran   

         This chapter covers briefl y innovative processes 
for the production of by-product metals, their 
compounds, and application in various indus-
tries. In view of the vastness of the subject, the 
scope of the chapter is broad in nature and has not 
been treated in depth. Only a few applications 
have been described in some detail. They are use 
of by-product metals and their compounds in (a) 
 photovoltaic cells  , (b)  fuel cells  , and (c)  polymer 
industry  . They have been chosen because:

    1.     Photovoltaic cells   are somewhat mature in 
their development—although some innova-
tion is in progress.   

   2.     Fuel cells   are still in an evolving mode.   
   3.     Polymer industry   illustrates the application of 

by-products in a nonmetallurgical industry.    

  Assembly and production of photovoltaic 
cells and fuel cells are somewhat proprietary and 
their production is rarely published in detail. 

 To be commercially attractive, an ore must 
have a concentration of the desired metal to make 
the extraction of it technically and economically 

feasible. This concentration varies greatly for dif-
ferent metals; in some cases, the  chemical and 
physical properties   of the metal are a determining 
factor and the intermediate compound which 
determines the extraction processes is also a 
determining factor. 

 The chief sources of by-product metals are resi-
dues of operations for the recovery of other more 
common metals, whereby small quantities of by-
product metals are concentrated to values which 
permit their extraction. Some examples are:

    1.     Platinum group metals   from residues of nickel 
extraction processes and from copper anode 
slimes.   

   2.     Germanium   from zinc operations, bismuth and 
thallium from lead operations, and cadmium 
and indium from both zinc and lead operations.   

   3.     Gallium   from aluminum operations.   
   4.     Selenium  ,  tellurium   from copper anode 

slimes.   
   5.     Rhenium   from molybdenum operations and 

from copper raffi nate solutions in copper 
SX-EW operations.   

   6.     Hafnium   from zirconium operations.     

 Metals and metal compounds such as cadmium, 
indium, selenium, tellurium, bismuth, nickel sul-
fate, antimony oxide, sodium antimonite, copper 
arsenate—to mention a few—that are routinely 
produced and considered as by- products for com-
mercial use are not described here. 
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 Two examples, one production of a by- product 
“metal,”  vanadium from fl y ash   (a waste residue) 
and one “non-metal”—ammonium sulfate from 
uranium processing—produced as commercial 
products are described below. This is followed by 
description of the production of by-product met-
als and their compounds and their application in 
chosen industries. 

21.1      Vanadium from Fly Ash   

 Fly  ash   is  the   by-product of treated petroleum or 
similar carbonaceous fuel materials. It has very 
fi ne particle size (100 % passing 2 mm) and is 
often collected in electrostatic precipitators or air 
fi lters used in the fuel processing plants. Fly ash 
is invariably composed of various metals and sili-
cates that are originally present in the carbona-
ceous fuel intermixed with fi ne carbon. 

 Vanadium  has    many   useful applications such 
as in catalysts, high purity alloys, and recharge-
able batteries. During conventional hydrometal-
lurgical processing for the recovery of vanadium 
from fl y ash, sulfuric acid is used to leach fl y ash 
to obtain an impure vanadium pentoxide. The 
impure vanadium pentoxide is treated with a 
sodium carbonate solution under atmospheric 
conditions and then precipitated with ammonia 
as ammonium metavanadate.       The disadvantage 
of the sulfuric acid leaching is that all other met-
als present are leached together with vanadium 
and this requires subsequent elaborate purifi ca-
tion of the solution to obtain high purity 
vanadium. 

 An  innovative   hydrometallurgical process for 
recovering vanadium and zeolitic alumino- 
silicates from fl y ash involves  fl otation   and pres-
sure leaching (Lakshmanan et al.  1990 ). In this 
process, ground fl y ash is wetted with tap water 
for preconditioning. The slurry of wetted, ground 
fl y ash is subsequently conditioned with Varsol 
and MIBC frother and then treated in four-stage 
fl otation. The overfl ow of the fl otation stages is 
treated for carbon recovery and the underfl ow 
consisting of carbon depleted vanadium contain-
ing fi ne fl y ash is subjected to liquid–solid sepa-
ration. The cake is repulped and fed to an 
autoclave for leaching with sodium hydroxide. 

The pregnant leach liquor is fed to a solvent 
extracting circuit after clarifi cation. The vana-
dium is stripped with dilute sulfuric acid from 
the loaded organic solution. The purifi ed 
vanadium- containing solution is treated with 
ammonium  hydroxide   to precipitate vanadium 
red cake and subsequently calcined to produce 
vanadium pentoxide. A fl ow sheet showing the 
production of vanadium pentoxide from fl y ash is 
shown in Fig.  21.1 .

21.2           Ammonium Sulfate 
By-product from Uranium 
 Processing   

 Another example of innovative processing  for   
by-product recovery is the production of ammo-
nium sulfate by crystallization (Melis et al.  1983 ). 
   This innovative process was developed at Ontario 
Research Foundation and described in a paper by 
Melis and others (Melis et al.  1983 ). The unique-
ness of the process is that this was the fi rst time 
that ammonium sulfate was produced as a by- 
product in a metallurgical industry. During the 
pilot plant run, blended ore was fed to the grind-
ing circuit through a vibrating feeder. The ground 
feed was subjected to either pressure  leaching 
  with oxygen or, alternatively, atmospheric leach-
ing with Caro’s acid. Leached pulp was fed to a 
countercurrent decantation circuit, in which 
Percol 351 was used as a fl occulant. The clarifi ed 
pregnant leach solution was fed to the solvent 
extraction circuit. The pregnant strip solution 
was reacted with ammonia and air to precipitate 
yellowcake.    Dual media sand fi lter was used to 
clarify barren strip liquor. The clarifi ed barren 
 strip   liquor was evaporated to produce crystal-
lized ammonium sulfate.  

21.3     Production of By-product 
Metals 

 By-product metals can be divided into two 
groups, viz., easily recoverable and  not easily 
recoverable     . Easily recoverable metals include 
bismuth, cadmium, cobalt, selenium, and tellu-
rium, whereas, not easily recoverable metals 
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include: gallium, germanium, indium, precious 
metal group metals, rare earths, niobium, tanta-
lum, and thallium. This characteristic of “not eas-
ily recoverable” requires recovery processes that 
are much different from the more classical ones 
used for the common metals. 

 The production of various by-product met-
als—easily and  not      easily recoverable—is well 
documented in literature (Hampel  1961 ) and will 
not be described in detail in this chapter. However, 
some general process steps used in the produc-
tion of by-product metals are now mentioned. 

 They are:

    1.     Electrolytic processes  
•    Aqueous electrolysis (Cd, Cr, Co, Ga, In, 

Mn, and Tl)  
•   Molten Salt Electrolysis (Al, Mg, and Na)      

   2.     Thermite type reduction  
•    Ti, Zr, Hf, Nb, Cb, Ta by Mg or Na 

reduction  
•   Rare Earths by Ca reduction      

   3.     Hydrogen reduction  
•    Ge, Mo, W, Re, Co, PGM metals      
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  Fig. 21.1     Production    of   vanadium pentoxide from fl y ash (Lakshmanan et al.  1990 )       
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   4.     Halide decomposition  
•    Thermal decomposition of iodides of Ti, 

Hf, Cr, etc.      
   5.     Inert Atmosphere Arc Melting  

•    W, Mo, Ta, Cb by powder metallurgy      
   6.     Electron Beam melting  

•    Production of high melting point metals of 
high purity      

   7.     Zone refi ning  
•    Production of high purity metals by segre-

gation of impurities        

 The last three process steps are not necessar-
ily used in the production of by-product metals; 
they are used more so to produce metals of 
increasing purity—a very common requirement 
in the production of by-product metals. Most of 
the processes listed above are described in liter-
ature (Hampel  1961 ) and hence are not dealt 
with in this chapter. As an alternate, brief 
description of production of metals and metal 
compounds that are widely used in  the   photovol-
taic cells will be briefl y described in this chap-
ter. Some other applications of by-product 
metals and their compounds, such as in the fuel 
cell industry and polymer industry will also be 
briefl y mentioned here.  

21.4     Metals and Materials Used  in 
  Photovoltaic Energy 
Industry 

 Since the discovery of  the   photoelectric effect in 
1839 by Alexandre Becquerel, a French physi-
cist, and the invention of the fi rst practical photo-
voltaic cell in 1954 in Bell Laboratories, solar 
energy has come a long way in providing nonre-
newable energy to society (Economist 
Technology Quarterly, March 10, 2007). In 2014, 
installed capacity of solar energy was 150 GW 
vs. 5 GW in 2005.    Electricity production from 
solar energy grew 20 % per year for the last 15 
years. There has been a continual effort to reduce 
the cost of electricity produced from solar cells. 
As of fourth quarter of 2012, thin-fi lm Cd–Te 
solar panels produced electricity at $0.62 /W 
(  http://en.wikipedia.org/wiki/Solar_cell    ).  

21.5      Materials   Used in Solar 
Industry (  http://en.
wikipedia.
org/wiki/Solar_cell    ) 

 Innovations in  the   production of various metals 
and materials have played a major role in the 
progress that has occurred in the solar industry. 
Some of them are listed below:

    1.    First generation cells.
•     Crystalline silicon  .

 –    Polysilicon.  
 –   Monocrystalline silicon.  
 –   Polycrystalline silicon.  
 –   Ribbon silicon.  
 –   Mono- like   multisilicon.         

   2.    Second generation cells.
•     Thin fi lm cells  .

 –    Cadmium telluride.  
 –   Copper indium gallium arsenide.  
 –   Cadmium indium diselenide.  
 –   Silicon thin fi lm—amorphous Si, proto-

crystalline Si, and nanocrystalline or 
microcrystalline silicon.  

 –   Gallium arsenide.  
 –   Germanium.  
 –   Other materials of interest to solar cells, 

viz., cuprous oxide, zinc phosphide, and 
 tungsten   diselenide.         

   3.     Multijunction cells  .
•    Multiple  thin   fi lms—each photovoltaic cell 

grown on top of each other using metal 
organic vapor phase epitaxy. A typical 
triple- junction cell consists of semiconduc-
tors GaAs, Ge, and GaInP 2 .    GaAs-based 
multijunction devices are the most effi cient 
solar cells to date.  

•   Recently,    Soitec Phoenix Labs, Phoenix, 
Arizona claims to have developed “multi-
junction” photovoltaic cells that are certi-
fi ed to have a conversion effi ciency of 
46 %.       

  Considerable amount of innovative processes 
have been employed to develop and fabricate the 
above metals and intermetallic compounds that 
may be required as the actual active material. 
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Since very high purity is a requirement for these 
materials, the same innovative approach has been 
used to prepare very  high purity elements   such as 
gallium (4, 6, and 7 N), arsenic (4, 6, and 7 N), 
and germanium. Boron nitride and boron oxide—
two intermetallic compounds—were developed 
to be used as containers for growing above multi-
junction cells. 

 Continued research in the area of solar cells, 
specifi cally to improve  conversion effi ciency   has 
resulted in very innovative approaches to produce 
various metals and materials of interest. To name 
a few that involves metals and metal compounds 
and/or complexes:

    1.     Quantum dot solar cells   use CdS, CdSe, Sb 2 S 3 , 
PbS, PbSe, etc.   

   2.    Incorporation of  lanthanide-doped materials   
(Er +3 , Yb +3 , Ho +3 , or a combination); process 
known as upconversion.   

   3.     Perovskite solar cells     ; has perovskite- 
structured material as active layer; it is a 
hybrid organic–inorganic tin or lead halide 
material.   

   4.    Dye-sensitized solar cells ( DSSC)     ; Ruthenium 
metalorganic dye on a mesoporous layer of 
TiO 2 .    

  As an example, some details of  quantum   dot 
cells are given here. In 2000, scientists at  National 
Renewable Energy Laboratory (NREL) in 
Golden  , Colorado predicted that Multiple Exciton 
Generation (MEG) using quantum dots could 
boost the effi ciency of solar cells. In 2004, scien-
tists at Los Alamos National Laboratory actually 
observed MEG in action in quantum confi ned 
materials. In 2011, Lusk and his colleagues at the 
Colorado School of Mines established that dot 
size determines what excitons are easily split up 
and small dots split up their favorite excitons the 
best. This idea led to the application of quantum 
dot ideas to various materials including silicon, 
with very encouraging results. One example was 
a solar cell made of  lead selenide (PbSe) quan-
tum dots   (Lusk  2012 ). 

 Research work is in progress  to   develop mate-
rials for photovoltaic cells in the areas of nontra-
ditional alloys, spontaneously ordered alloys, and 

interstitial semiconductors. The goal in the design 
and production of these materials is the ability to 
achieve band gap tuning and lattice matching 
simultaneously. 

 A growing demand  for   silicon from both the 
solar industry and the chip making industry—not 
to mention its cost—led to its shortage and the 
need to fi nd new materials by the solar industry. 
One such innovation was the development of 
 thin-fi lm solar panels   using (a) cadmium telluride 
and (b) copper indium gallium diselenide (CIGS). 

    Cadmium telluride is much cheaper than crys-
talline silicon, but its conversion effi ciency is only 
13.7 % nominal for CdTe and 18 % nominal for Si 
in 2014. In March 2014, First Solar has produced 
a thin-fi lm PV module with 17 % effi ciency, con-
fi rmed by NREL. Also, Sun Power reported the 
production of “Maxeon”  cells   (high energy den-
sity) that had a conversion effi ciency of about 
24 %. However, cadmium telluride’s manufactur-
ing cost is about $1.00 /W cheaper than crystal-
line silicon. Copper indium gallium diselenide 
which has about 19 % effi ciency promises to 
compete with silicon in cost and effi ciency. 

 The exact process for the  production and fab-
rication of materials   used in the solar industry is 
somewhat proprietary due to the competitive 
nature of the business. As an example, a short 
summary of synthesis of a CdTe  ingot   is men-
tioned here. The processes are:

    1.     Liquid   phase synthesis.   
   2.    Vapor phase synthesis.   
   3.    Solid phase synthesis.   
   4.    Solution synthesis.

•    Vertical Bridgeman method.  
•   Cold Travelling  Heater   Method.       

  The  Cold travelling heater method   can produce 
several kilograms of the CdTe compound in one 
run with very good stoichiometry. Details are out-
lined in a paper by R. Triboulet (Triboulet  2004 ). 
The process can also be extended to the production 
of CdZnTe. The main  advantage   of this process is 
that purity and homogeneity of the alloys can be 
maintained with a unique solidus composition. 

 As can be seen from the above descriptions, it 
is obvious that innovative processes have played 
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a major role in the development of these interme-
tallic compounds and their application in the 
solar industry. 

 Typical thin-cell cadmium telluride and cad-
mium indium selenide  photovoltaic cells   are 
shown in Fig.  21.2 . The schematic is self- 
explanatory and its working is well documented 
in literature. A cadmium chloride anneal of the 
CdTe/CdS solar cell changes the current trans-
port mechanism favorably. However, use of 
CdCl 2  has adverse environmental issues. 
   Recently, researchers at the University of 
Liverpool, England tested various other chlorides 
and established that use of MgCl 2  would yield 
comparable effi ciency. This innovative approach 
of substituting CdCl 2  with MgCl 2  reduces health 
risks, production costs, and makes it easy for safe 
disposal (Bennington-Castro  2014 ).

21.6        Metals and Materials  Used   in 
Fuel Cell Industry 

 Fuel cells offer the possibility  of    zero-emissions 
electricity generation   and  increased energy secu-
rity  . In addition to high effi ciency and low emis-

sions, fuel cells are attractive for their modular 
and distributed nature and zero noise pollution. 
The fuel cell  market   is growing and is estimated 
that the stationary fuel cell market will reach 
about 50 GW by 2020. 

 Some of the most  common   fuel cells are listed 
below: (Haile  2003a )

    1.     Polymer Electrolyte Membrane  —also known 
as  proton exchange membrane   ( PEMFC  ).   

   2.     Alkali Fuel Cell  .   
   3.     Phosphoric acid fuel cell  .   
   4.     Molten carbonate fuel cell  .   
   5.     Solid oxide fuel cell (SOFC).      

  A typical  SOFC   has (a) yttria-stabilized zirco-
nia (YSZ) containing 8 mol% yttria as the elec-
trolyte (YSZ), (b) a ceramic composite Ni + YSZ 
as anode,    and (c) lanthanum strontium manganite 
(LSM—exact stoichiometry is not usually pub-
lished). The  PEMFC   has (a) sulfonated polymers 
(Nafi on™) as an electrolyte and (b) Pt nano par-
ticles are used as anodes and cathodes for hydro-
gen as a fuel. Solid electrolyte systems—PEMFC 
and SOFC—eliminate the need to contain corro-
sive liquids and are preferred over the other three 

(Left). Schematic illustration of a typical CdTe superstrate thin-film PV device. In this design, the layers of the device are
deposited onto a glass “superstrate” that allows sunlight to enter. The sunlight passes through the glass and priduces
electrical current and voltage in the lower layers. The world-record NREL CdTe device is based on this structure and
demonstrates a conversion efficiency of 17.0%.
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(Right. Schematic illustration of a typical CIGS superstrate thin-film PV device. In this design, the layers of the device are
deposited onto a glass, metal, or polymer substrate. Sunlight enters through the top layer of the device (hte transparent) 
conducting oxide) and produces electrical current and voltage in the lower layers. The world-record NREL CIGS device is
based on this substrate structure and demonstrates a conversion efficiency of 20.0%.

  Fig. 21.2     Typical   thin-cell cadmium telluride and cadmium indium selenide photovoltaic cells (  http://www.nrel.gov/
pv/thinfi lm.html    )       
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fuel cells (Haile  2003b ). Some details of the 
innovative approaches to achieve improvements 
in these cells are outlined here. 

 Efforts are in progress to reduce  the   operating 
temperatures of  SOFC   cells in the range 500–
800 °C by using electrolytes with high ionic con-
ductivity at around 600 °C. Three materials that 
have shown promise are doped ceria (CeO 2 ), 
doped lanthanum gallate (LaGaO 3 ), and barium 
zirconate (BaZrO 3 ). The fi rst two are oxygen ion 
conductors and the third is a proton conductor. 
The ionic conductivity of CeO 2  is an order of 
magnitude greater than the conventional  SOFC   
electrolyte, yttria-stabilized zirconia. Introduction 
of dopant ions, Sr and Mg onto the La and Ga 
sites, respectively, produces oxygen vacancy and 
hence the high oxygen ion conductivity. The pro-
ton transport in BaZrO 3  is achieved by doping it 
with yttrium on the Zr site to create oxygen 
vacancies (Haile  2003a ). 

 Research is in progress  to   alleviate the prob-
lems associated with  PEM   fuel cells—problems 
not listed here—by developing “water-free” 
 proton conducting membranes. Among the many 
materials under investigation, one inorganic com-
pound being looked at California Institute of 
Technology (Haile  2003a ) is  cesium bi-sulfate 
(CsHSO 4 ).   Other inorganic proton conductors are 
zirconyl phosphate and uranyl hydrogen 
phosphate. 

 Work is also in progress  in   the development of 
 electrocatalysts   with the objectives of increasing 
reaction kinetics, decreased Pt loadings, and 
decreasing anode susceptibility to CO poisoning. 
Much of the work in this area is focused on inter-
metallic alloys of Pt—specifi cally Pt–Ru alloy. 
 Intermetallic compounds   of Pt–Bi, viz., PtBi and 
PtBi 2  have also shown promise in tolerating CO 
poisoning of anodes (Haile  2003a ). 

 In summary, innovations in  the   area of fuel 
cells run in parallel to the use of by-product met-
als and their compounds whose production 
involves innovative approaches. This is all the 
more critical when certain metal compounds 
with specifi c or unique properties need to be 
made and fabricated—again demanding innova-
tive approaches. Additional breakthroughs are 

needed to transforming fuel cells from the tech-
nology of tomorrow to the technology of today 
(Haile  2003a ).  

21.7     Use of By-product  Metal   
Compounds in  Polymer 
Industry   

 There are a  considerable   number  of   by-product 
metals and/or their compounds used in nonmetal-
lurgical industries. One such example is outlined 
below: 

 Germanium is a by-product  from    the   process-
ing of zinc and lead concentrates. Innovative 
processes were developed and are used for the 
production of germanium. Some details of the 
process steps are considered proprietary and not 
described in detail in literature. One germanium 
compound that is widely used is germanium 
dioxide (GeO 2 )—either as a solid or as a solu-
tion.       A typical application is in the production of 
polyethylene terephthalate (PET) catalysts. In 
this process, GeO 2  is dissolved in monoethylene 
glycol (MEG) and used as a PET polycondensa-
tion catalyst. It offers signifi cant benefi ts in the 
 quality of the fi nal polymer, process benefi ts, and 
cost savings. The use of GeO 2  solution also 
results in higher clarity and more environmen-
tally friendly polymer compared to an alternative 
catalyst, viz., Sb 2 O 3  ( Teck Resources Ltd , MSDS 
sheet). 

 Another  compound      GeCl 4 —optic fi ber 
grade—is used to produce optical fi ber. Literature 
is fi lled with many such applications. The start-
ing point of all such improvements is through 
innovative approaches to the production of such 
metal and metal compounds of by-product metals 
from the metallurgical industry ( Teck Resources 
Ltd , MSDS sheet).  

21.8     Summary 

 A few examples of innovative approaches to the 
use of by-product metals and their compounds 
are described in this subchapter. 
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 Most recently, scientists at the University of 
Manchester, England are developing substances 
with electrical and optical properties that have 
been impossible to create before. It is called 
 nano-scale Legos  , building blocks on the atomic 
scale. This has been possible because of the inno-
vative breakthrough creation of graphene (unfor-
tunately not a metal!), a single sheet of carbon 
atoms. 

 Similar products that can be made as single 
sheet atoms are mica and hexagonal boron 
nitride. One such  atomic scale Lego material   that 
is being assembled is a fi ve layer material, mostly 
graphene in combination with insulating boron 
nitride and semiconducting materials such as 
molybdenum sulfi de and tungsten diselenide. As 
can be seen, this would not have been possible 
without the innovative approaches to the process-
ing and production of single layer materials and 
metal compounds (Geim  2014 ). 

 In short,  Nanoscale Legos   represent some-
thing that has not been created before. Right 
now, the possibilities seem endless. There is no 
doubt these achievements would not have been 
possible but for the innovative processes that 
have been developed over a period of time by 
metallurgical and material engineers, from con-
cept to commercialization.     
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      Conclusion       

     V.  I.     Lakshmanan     ,     Raja     Roy    , 
and     Ram     Ramachandran   

         In the last 100 years,  the   corporate  Research and 
Development (R&D)      has been the prime mover 
for generating new ideas. The active cooperation 
and alliance between scientists, engineers, and 
corporate management was an important factor 
in  developing   an innovation portfolio. However, 
execution of innovative ideas for a process is a 
very different problem. Successful implementa-
tion needs considerable fi nancial support and 
cheer leading—in the form of a champion—from 
the corporate management. 

 Today, mining  and   metallurgical industry is 
facing many challenges in order to be sustain-
able. For industry to be sustainable, it needs to 
develop innovative technologies and improve 
process effi ciency, energy, and water manage-
ment. In addition, it needs to address societal 
needs. 

 The major seven  issues   facing the metallurgi-
cal industry are:

    1.    Lower ore grades with complex mineralogy.   
   2.    Increasing cost of process water as a resource.   

   3.    Increasing cost of energy as a resource.   
   4.    Recycling of end-of-life products and recov-

ery of value-added products.   
   5.    Managing environmental issues to satisfy 

societal needs, viz., minimal environmental 
foot print.   

   6.    Availability of fi nance for major mining and 
metallurgical projects.   

   7.    Improvement in operational effi ciencies and 
effectiveness.    

  Comments on these issues are outlined below: 
  In situ mining, underground concentration, 

and waste disposal   should be evaluated to handle 
low-grade ores and mining in environmentally 
sensitive sites without contaminating ground 
water. 

 The importance of process  water   cannot be 
overemphasized; major mining companies in 
Chile and Australia are building  reverse osmosis 
(RO) units   on the coast to provide process water 
to their plants in the interior parts of the country. 
For example, BHP is building a 48 million impe-
rial gallons per day (MIGD) RO unit—at a cost 
of US $103 million—in Chile to provide process 
water to Escondida mine—which is at a consider-
able distance from the sea and at a high altitude. 
Sea water is being evaluated as process water in 
mineral processing operations in South America. 
However, as a note of caution, corrosion and 
materials of construction would increase project 
costs. 
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 Continual efforts are in progress to  lower 
energy usage and energy intensity   in all mining 
and metallurgical processes. Innovative ideas 
will have to keep this objective always on the 
radar screen; in short, this has to be an ongoing 
process. 

 Recycling of intermediate  products   within a 
process eliminates or reduces waste; recycling of 
waste water and treated effl uent decreases water 
usage; “Zero” liquid discharge should be the 
“mantra” for any metallurgical plant. Innovative 
processes for the treatment of end-of-life prod-
ucts to produce value-added metals should be 
developed—especially the metals that are in 
short supply. 

  Clean Air Act of 1963     ,  Clean Water Act of 
1977      and recent climate change initiatives have 
been primarily responsible for developing inno-
vative technologies to meet the ever tightening 
environmental regulations. This is a monkey that 
will never get off the back of the metallurgical 
industry!! Constant vigil is needed by developing 
new innovative technologies to stay ahead of the 
environmental regulations. 

 There is competition for  fi nancial capital   
among many sectors of economy and to attract 
capital, mining and metallurgical industry needs 
to be competitive without compromising land, 
water, and air quality. This is a hard battle to fi ght 
but must be done. 

  Operational effi ciencies/effectiveness   need to 
be improved by state-of-the-art digital and real- 
time technology. 

 Since the mid-1980s, the demise of dynamic 
research organizations has been a major setback 
in the  development   of innovative processes and a 
cause for concern. Also, no innovation is possible 
without the availability of young researchers, sci-
entists, and engineers trained in the fi eld of 
chemical and process metallurgy. The metallurgi-
cal industry is facing a serious challenge in the 
dramatic decrease in the supply of young 
researchers, scientists, and engineers. Now is a 

good time to ask whether the industry can main-
tain its competitiveness and health with contin-
ued innovation based on R&D without the 
availability of young metallurgists (Sohn and 
Ramachandran  1998 ). 

 Skilled manpower from diverse  fi elds   such as 
research, engineering, fi nance, and resource 
management that includes all stakeholders across 
the value chain, be it in the industry, university, 
or government agency, need to come together to 
innovate in order to provide a good quality of life 
to the community and for the industry to sustain. 
There is a need for industry/academia consortia 
and working groups for  innovative   research and 
development in specifi c areas including technol-
ogy, engineering and environment. A resurgence 
of interest in collaborative market-driven 
research between academia, industry, and gov-
ernment to spur further innovation in the industry 
is urgently needed. 

 It is the authors’ fond hope that this book will 
be a wake-up call for the leaders of the mining 
and metallurgical industry to reactivate the con-
cept of establishing a centrally  located    Corporate 
   Research and Development   group to develop 
innovative ideas. Some of these ideas would 
crystallize into processes that would benefi t their 
company, the metallurgical industry, and society 
at large. The industry and government should 
also support universities fi nancially to produce 
skilled manpower including researchers, scien-
tists, and engineers needed for innovation to cre-
ate wealth, jobs and good quality of life.    
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