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The electrolytic refining of copper has been conducted at Mufulira, Zambia, since 1939. The
original refinery has been upgraded and expanded since then to match the output of anodes
produced at the Mufulira, Luanshya, and Nkana smelters at various times; however, by the
end of 2012, it was recognised that customer expectations regarding-cathode physical
quality and chemical purity have increased due to the introduction of new copper refining
technologies. In June 2013, Mopani Copper Mines Plc (MCM) committed to the
modernisation of the copper refinery that included the conversion of the existing refinery
to the ISAPROCESS™ technology, installation of electrode handling equipment, upgraded
electrolyte circulation systems, and upgraded process control systems. This paper describes
the equipment, technologies and new operational practices that constitute the Mufulira
Refinery Upgrade Project. All activities have been progressively completed since late 2014
and have culminated with the registration of a new London Metals Exchange cathode
brand, MCM2, in July 2017. The MCM Refinery is the first copper electrorefining plant in
Africa to utilise the ISAPROCESS™ technology.

INTRODUCTION

Copper has been electrolytically refined in Mufulira, Zambia for over 75 years. The original refinery has
been expanded several times and one part of the refinery was expanded to conduct commercial-scale
electrowinning operations. These operations included in-situ leaching, vat leaching, and heap leaching
of oxide ores. A dedicated solvent extraction plant was associated with each leach operation.

The primary objective of the Refinery Modernisation Project was to ensure that current and future
customer expectations could be fully satisfied, and to implement productivity improvements, whilst
allowing the refinery to have the flexibility to source anodes with higher impurity levels than currently
received. This necessitated a change in the refining technology used by Mopani Copper Mines Plc
MCM).

MCM selected the ISAPROCESS™ technology due to its extensive record of converting starter-sheet
refineries to permanent stainless steel cathode plates. At the same, MCM also took the opportunity to
upgrade and modernise its electrode handling systems, electrolyte circulation systems and process
control systems.

Owing to the requirement for the existing refinery to maintain copper production operations at full
capacity, the upgrade activities were conducted progressively over a four-year period. The
constructions activities are described below in more detail. The operational improvements since
completion of the project are also described in detail.

Copper Cobalt Africa, incorporating the 9 Southern African Base Metals Conference
Livingstone, Zambia, 10-12 July 2018
Southern African Institute of Mining and Metallurgy 1
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PROCESS SELECTION

Layout

Various combinations of cell house layout and design have been implemented in ISAPROCESS™
copper refineries. MCM was constrained in some cases due to the requirement to maintain full copper
cathode production capacity during the modernisation activities. In particular, this meant that the new
electrode handling machines had to be located in areas that were not being used for existing production
activities. The location of anode receipt from the smelter was fixed by the existing transport
infrastructure.

Design Criteria
The principal design objectives for the project were:
¢ Long-term production forecasts;
¢ customer requirements;
e productivity improvement;
e upgrade of electrolyte circulation systems;
e future expansion options.

Long-term production forecast

MCM is upgrading the existing Mufulira Mine and expects to complete the new Synclinorium Mine and
Concentrator Project in 2019. When combined with external concentrate feed treatment at the MCM
smelter, this will enable the Mufulira Smelter to increase production to 225 000 tonnes per annum. The
modernised refinery production capacity matches this requirement.

Customer requirements

MCM has been producing copper cathode marketed under the London Metal Exchange (LME)
Registered Brand MCM. Cathode produced by the modernised refinery is now marketed under the
LME Registered Brand MCM2. The cathode bundle being produced now has many advantages over the
previous style. It is compact, easier to handle and transport and no longer has the protruding starter-
sheet loops associated with starter-sheet cathode.

Productivity improvement

Using starter-sheet technology, MCM was operating four tank houses plus a starter-sheet production
aisle with-in their refinery complex. Glencore Technologies experience with ISAPROCESS™ copper
refinery conversions conducted over the past 30 years was that conversion to stainless steel cathode
plate technology achieved direct productivity improvements of 25% to 30% when compared with
starter-sheet technology. In the specific MCM case, this has allowed MCM to reduce the operational
footprint to three tank houses, with an associated reduction in the number of operating overhead cranes,
refining cells, and, importantly, copper inventory.

Further productivity improvements have been made in the electrode handling task. The elimination of
starter sheets has removed all aspects of starter-sheet production - starter-sheet production cells,
manual stripping, sorting, and preparation activities, loop production, hanger bar assembly, manual
cell loading, alignment activities and replacement of falling cathode due to broken loops. The
introduction of the ISAPROCESS™ permanent stainless steel cathode system requires a dedicated
cathode stripping machine (CSM) to perform cathode stripping operations. The CSMs selected at MCM
are capable of fully automatic operation and eliminate all steps that were performed manually. At the
same time, MCM elected to introduce a fully automated anode preparation machine (APM), anode
scrap washing machine (ASWM), and upgraded its overhead refinery cranes to suit the new electrode
handling machines.

Upgrade of electrolyte circulation systems

With the expected increases in copper production intensity, it was determined that the existing
circulation systems required additional circulation capacity and improved process control. At the same
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time the refinery circulation equipment configuration was changed so that each tank house now has its
own, independent circulation system. All piping associated with the refining cells has been upgraded
and the ability to collect decant solution from each refining cell during anode change operations has
been implemented. The reagent dosing system was replaced for each tank house with a system that has
the ability to prepare and dose thiourea, glue and salt. Automated process control has been
implemented for all circulation system equipment via the introduction of a SCADA PLC-based system.

Future expansion options

The current MCM refinery building has five individual tank houses plus a dedicated starter-sheet
section. The design, specification and placement of all electrode handling equipment will allow MCM
to expand its refinery production to five tank houses without the need to purchase additional anode
handling equipment.

Final Process Selection
The modernisation of the MCM copper refinery was implemented with the following items:
¢ introduction of the ISAPROCESS permanent cathode plate technology;
¢ replacement of starter-sheet preparation machines with automated cathode stripping machines;
e introduction of automated anode scrap washing machine and automated anode preparation
machine;
e introduction of automated anode and anode scrap transfer system;
e anode mould design was upgraded to match new anode dimensions;
e total replacement of electrolyte circulation system piping;
¢ installation of dedicated cell decant electrolyte piping system;
e replacement of fixed-speed circulation pumps with variable-speed drives;
e replacement of all reagent dosing equipment;
e partial replacement of overhead cranes;
e upgrade of anode and cathode lifting bales on the refinery overhead crane;
e installation of a SCADA PLC-based process control;
¢ installation of cell voltage monitoring system;
e implementation of an intermediate bar-based cell top furniture system;
e installation of new electrolyte circulation system tanks in Tank house Five;
e replacement of 336 refining cells in Tank House Five.

PROCESS DESCRIPTION

Modernised Refinery Operating Statistics
Table I shows the key operational statistics for the modernised refinery.

Table 1. Operating statistics for new refinery.

Capacity 225 000 t per annum
Cells 1320
Electrodes per cell 36 cathode / 37 anode
Electrode pitch 100 mm
Cathode deposition area, per side 0.82 m?
Maximum anode mass 320 kg
Maximum cathode mass 60 kg
Anode cycle 18 days nominal
Cathode cycle 2 crop or 3 crop
Current density 305 A/m?
Electrolyte circuits 3
Number of cranes 6

Refinery Layout
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The existing MCM Refinery design is typical for the era in which it was built. Overhead refinery cranes
from that era had very slow operating speeds hence the design objective was to minimise the length of
crane runs. Crane rail heights were also set as low as possible to reduce lifting and lowering times for
electrodes. This lead to refineries being built with multiple aisles, short crane runs with a low operating
height over the electrolysis cells. Movement of material was best managed by having a common
centrally located aisle running the length of the refinery building. Industrial standard forklifts were also
not common at the time so rail was used as a method for moving anodes, anode scrap and copper
cathodes.

Owing to the existing layout, all of the new electrode handling machines can only be located in the
central common aisle. This led to the situation where anodes and anode scrap need to be conveyed up
to 120 m if only one APM and one ASWM unit are installed. By working with the supplier of the APM
and ASWM, an innovative ground-running transfer car system for carrying anodes and anode scrap
was specially developed for each machine. All of the electrode handling machines are designed to be
serviced by forklifts.

_ﬂtl-'

Fzgure 1. New overhead crane with drlp tmy carrying cathode plates.
Electrode Handling Equipment

Anode preparation machine

Anodes are received from MCM’s copper smelter via rail and forklift. Anodes are loaded to the APM
by forklift for weighing, blade pressing, lug-offset pressing and contact milling. Contact milling is used
to ensure that anodes hang vertically in the cell and ensure best possible current distribution in the
refining cells. The anodes are then transported in loads of 36 anodes to the appropriate tank house using
the anode transfer car system. The APM was supplied by MESCO, Japan.

Anode transfer cars

A transfer car system is used to move anodes and anode scrap with-in the refinery building. Each
transfer car runs at ground level and carries 36 pieces of anode or anode scrap to or from the respective
APM or ASWM. Each transfer car services nine fixed set-down or pick-up positions located across the
length of the refinery building. The Anode transfer car system was supplied by MESCO, Japan.

Cathode stripping machines

Three medium speed CSMs have been installed at MCM. One CSM is installed in each operating tank
house; however, each CSM has the capacity to service the electrodes from the two bays in each tank
house. The CSMs have been specially designed to interact with manually operated and low clearance
overhead cranes. This means that conveyors are used to transfer cathode plates instead of fast-moving
trolleys. This eliminates the possibility of a crane bale to trolley collision. A forklift is used to remove
the finished cathode bundles to the product despatch area. The wash water used to remove electrolyte
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from the cathode deposits is heated using electric heaters. The wash water system is designed for future
conversion to steam heating. The CSMs were supplied by MESCO, Japan.

Anode scrap washing machine

Anode scrap is moved from the refining cells by overhead crane and then conveyed to the ASWM via
the transfer car system. In the ASWM, the scrap is washed to remove any adherent slimes and then
formed into bundles for forklift removal. Anode scrap is returned to the copper smelter. The ASWM
was supplied by MESCO, Japan.

Overhead crane upgrade

The change in refinery electrodes, electrode pitch and cell-top furniture necessitated that new anode
and cathode plate bales were required for the overhead cranes. At the same time, MCM decided to
replace four of the six existing refinery cranes. MCM utilises crane transfer cars located at the end of
each tank house. This allows the overhead cranes to be moved to another aisle when needed, thus
reducing the overall number of cranes required in the refinery. The new cranes and lifting bales were
designed and supplied by DEMAG, South Africa.

Electrolyte Circulation

Many parts of the existing circulation systems were not suitable for the increased operating intensity
associated with the ISAPROCESS™ technology. A higher and more consistent cell electrolyte flowrate
was the major change required. This meant that all electrolyte piping was upgraded, together with the
associated circulation pumps. The use of variable-speed pumps was required so that a responsive flow
control scheme could be implemented. The electrolyte is distributed to the cells by direct pumping
without an intermediate head tank. Owing to the introduction of the thiourea reagent to replace
Tembind, the existing reagent dosing systems were also replaced.

, ! iy -

Figure 2. ISAPROCESS™ eranent stainless steel cathode plates in service.

Process Control and Monitoring

To ensure the correct electrolyte conditions for electrolysis at the higher operating intensities, improved
process control of the operation was required. This has been achieved by implementation of a SCADA-
based PLC system for the electrolyte circulation. The Siemens PLC-7 system was used for the SCADA
configuration.
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Refinery Cells

As most of the existing refining cells were retained, the dimensions of the new stainless steel cathode
plates were matched to the internal cell dimensions. The dimensional design of the anode was changed
to match the new cathode plate dimensions. Owing to the inherent straightness of the stainless steel
cathodes, the electrode pitch in the cell was able to be reduced to 100 mm, which provides reduced
power consumption when compared with the starter-sheet design. The cathode plates were designed
and supplied by Glencore Technology, Australia.

The upgrade of the electrolyte circulation system required changes to the electrolyte feedpipe for each
cell. At the same time, an individual cell flow-control device was included in the new piping design.
New cells were installed in Tank house Five to allow for full implementation of the decant collection
system.

It was necessary to change all cell-top furniture to an intermediate bar design. The end cell busbars on
all sections required modification to suit the ISAPROCESS™ system. The additional busbar elements
and intermediate bars were designed and supplied by Copalcor, South Africa.

CONSTRUCTION

In all cases, the scheduling of construction activities was dictated by cathode production requirements.
With four tank houses still available for production, each of the three modernised tank ouses was
consecutively taken off-line for refurbishment over a two-year period. At the same time, MCM was

forced to curtail production during 2016 due to power supply restrictions in place in Zambia.

The major construction milestones are listed below:

Jan-May 2014 New end cell busbars designed and installed

July-Dec 2014 Preparation of electrode handling machine areas
Oct-Dec 2014 Installation of electrode handling machines - TH1 & TH4 CSM'’s
Feb-March 2015 Installation of electrode handling machines - APM, ATS
May 2015 Installation of electrode handling machines - TH5 CSM
June-Aug 2015 Replacement of reagent system, piping and pumps - TH4
May-Aug 2016 Installation of new overhead cranes

Feb- July 2016 SCADA and cell voltage monitoring installed

Mar-Dec 2016 New circulation system for TH5 installed

May-Oct 2017 Installation of new cells - TH5

May-Nov 2017 Replacement of piping and pumps - TH 1

November 2017 Replacement of piping TH5

COMMISSIONING

MCM formed a dedicated commissioning team to ensure that the transition between the two operating
systems was performed safely and in step with the completion of construction/installation activities. A
major emphasis was placed on training across all disciplines: metallurgy, operations and maintenance.
At the same time, the operational requirements and testing to obtain LME registration for the new
cathode were completed.

The key commissioning milestones are listed below:

Jan-Feb 2015 Operations and maintenance training program completed at CRL Australia
and PASAR, Philippines
March 2015 Full commissioning of CSM TH4, APM, ATS, ASWM and TH4 circulation
systems
6
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Apr-July 2015 Full conversion of TH4 for first LME registration testing program

Jan-Dec 2016 Second LME registration testing period - TH4

June 2016 Full conversion of TH1 and commissioning of CSM TH1, CSM TH5

June-Nov 2016 Progressive commissioning of new refinery overhead cranes

June 2017 LME registration granted for MCM2 brand

October 2017 Central control room operational for SCADA and cell voltage monitoring
systems

October 2017 Full conversion of TH5 and commissioning of TH5 circulation system

October 2017 Starter-sheet oOperations ceased

Commissioning engineers were supplied from MESCO, DEMAG and Glencore Technology for the
electrode handling equipment. Specific ISAPROCESS™ training services and process engineers were
also provided by Glencore Technology. MCM also retained the services of two expatriate electrode
handling machine specialists to provide on-site training.

PRODUCTION AND OPERATIONAL IMPROVEMENTS
Table II details the improvements in several refinery production performance indicators since the
conversion of the refinery to the ISAPROCESS™. The level of improvement achieved is consistent with

the levels foreseen during the feasibility study phase of the project.

Table I1. Cathode purity improvement - ISAPROCESS vs conventional.

Impurity Conventional Full Note
(ppm) ISAPROCESS
2014 average | 2015 average | 2016 average 2017/8 average

S 3.74 6.29 4.93 4.43 Similar
Pb 1.50 1.81 1.42 0.53 Improved
Ni 1.19 1.27 0.70 0.58 Improved
As 1.24 1.48 1.27 0.50 Improved
Bi 0.43 0.41 0.26 0.20 Improved
Sb 0.36 0.51 0.54 0.47 Similar
Se 1.07 1.24 0.84 0.28 Improved
Ag 6.48 6.20 5.35 5.95 Similar
Sn 0.28 0.24 0.31 0.25 Similar
Te 0.45 0.43 0.46 0.31 Improved
Zn 0.56 0.46 0.48 0.418 Similar
Fe <2 <2 0.48 0.35 Similar

Table I shows the long-term improvement in copper cathode impurity levels for the common cathode
copper impurities. These levels easily comply with the requirements for LME Grade A copper cathode.
At least four different mechanisms for cathode impurity exist in an industrial-scale copper
electrorefinery. Each mechanism and the associated impurities are briefly described below with
reference to Mopani’s specific anode impurities:

¢ inclusion of slimes in cathode deposit: indicators are lead, selenium, arsenic, bismuth, tellurium

and antimony;

¢ occlusion of electrolyte in cathode deposit: indicators are nickel, iron and arsenic;

o electrolytic codeposition: indicator is silver;

e precipitation on cathode deposit surface: bismuth, antimony, tellurium and arsenic.

Impurities associated with slimes inclusion have shown the greatest improvement. The inherent
straightness of the permanent stainless steel cathode plate means the probability of a slimes particle
making contact with the cathode deposit during electrolysis is significantly lower than for a starter
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sheet. In addition, permanent stainless steel cathode plate technology allows for shorter crop ages,
which reduces the probability of slimes inclusion occurring.

The level of impurity associated with electrolyte occlusion has also improved noticeably. This is
attributed to the improved cathode deposit smoothness achieved by MCM since introducing the
thiourea reagent. MCM upgraded its electrolyte circulation system to ensure that all refining cells are
now receiving the correct flowrate of electrolyte, and thus reagents are always available at the cathode
deposit surface during electrolysis operations. The inherent flatness of a permanent stainless steel
cathode plate and the shorter crop ages also contributes to the cathode deposit smoothness.

No change in the silver assay at MCM indicates that the level of silver codeposition is not influenced by
the conversion to permanent cathode plates. MCM does not have sufficient quantities of bismuth,

antimony and tellurium in its anode and electrolyte for the surface precipitation impurity mechanism
to be noticeable.

Customer Acceptance

Figure 3 shows the percentage of copper cathode production that was suitable for direct despatch to
customers as LME Grade A cathode. The long-term trend for starter-sheet production was 86.6%, with
significant variability in conformance. This indicator has improved to 97.7% since the conversion of the
refinery to the ISAPROCESS™, with a vast reduction in variability.Figure 4 shows a photograph of

typical cathodes.
Monthly Product Despatchability %, 2012-2017
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Figure 3. Cathode product dispatchability.
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Figure 4. Copper cathode at CSM and existingtroley system.

Current Efficiency
Figure 5 shows the long-term trend for refinery current efficiency (CE). The long-term trend for CE was

85.9%. This indicator has improved to 97.5% since the conversion to the ISAPROCESS™, due to

significant reduction in the number of short circuits. The variability in month-to-month performance
has also reduced significantly.

Monthly Current Efficiency Trend 2012-2017
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Figure 5. Current efficiency improvement after conversion.

Productivity

Figure 6 shows the long-term trend in labour productivity for the refinery. It is important to correlate
this measure against the actual production level at the time. Refinery output was constrained
significantly for two years between August 2015 and September 2017 due to the countrywide power
shortages and MCM'’s business response to the crisis. Thus, to make a valid comparison, only months
with production above 12 500 t are compared.

The long-term productivity trend for the starter-sheet refinery was 30 t cathode production per person-
month. Since full conversion to the ISAPROCESS™, the productivity measure has averaged 41 t cathode
production per person-month. This is a 37% improvement in labour productivity. As MCM returns to
previous production levels, the productivity improvement achieved will continue to improve.
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Productivity in tonne/person/month, 2012-2017
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Figure 6. Productivity in tonne/person-month
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ABSTRACT

Mount Isa Mines (MIM) acquired a reputation for the successful application of R&D to develop
break-through technologies for the mining industry starting in the 1978°s through until the early 2000°s.
The ISAPROCESS™ tank-house technology has been licensed to copper refineries throughout the world.
and a significant per cent of the world’s copper is refined using this technology. Since development in the
late 1980°s more than 20 ISASMELT™ copper and lead smelting furnaces are now installed in countries
around the world. Jameson Cell flotation technology developed jointly by Mount Isa Mines and Professor
Graeme Jameson is widely used in the Australian coal mining industry and increasingly in the base-metal
and gold industry. The IsaMill™'s developed at Mount Isa and McArthur River made it possible to
develop the McArthur River and George Fisher orebodies and has been successfully implemented info base
metal fine grinding applications around the world. The most recent commercialised innovation is the
atmospheric leach Albion Process™ with its supersonic HyperSparge™ gas sparger, is being adopted as a
solution to the increasing complexity of orebodies.

MIM’s confribution fo the industry was significant given the size and the remote location of its
operations with Townsville Copper Refineries more than 1350 km and Mount Isa 1800 km from the
nearest state capital of Brisbane This paper will briefly discuss the development of each of these
technologies and why MIM — now owned by Glencore - was so successful mnovating and developing such
technologies over a period of nearly 40 vears.

EEYWORDS

Innovation, Mount Isa Mines, ISAPROCESS™., saKidd™., ISASMELT™, LaALil™, Jameson cell,
Albion Process™, HyperSparge™, ZipaTank™
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INTRODUCTION

Mount Isa is located in the Gulf Country region of Queensland about 1800 kilometers North West
of Brisbane (see Figure 1). It came into existence because of the world class mineral deposits found in the
area. In 1923 the orebody containing lead, zinc and silver was discovered by the miner John Campbell
Miles. Mount Isa Mines Limited (MIM) was founded in 1924 to develop the minerals discovered by Miles,
but production did not begin until May 1931. It paid its first dividend in 1947 after 16 years of troubled
production. In 1954 the 1100 copper orebody was discovered and with rapidly rising reserves during the
1950°s and 1960°s led to the constriction of new concenfrators fo treat lead/zinc/silver ores m 1966 (%2
concentrator) and copper ore’s in 1973 (#4 concentrator). The difficult nature of the Mount Isa lead-zinc
orebodies has meant that the company had always needed to be at the forefront of mining technology. In
the 1970°s through to the 1990°s, it became a world leader in developing new mining techniques and
processing technologies as a response to declining metal prices and rising costs. Mount Isa has been
smelting copper since 1953 and lead since the early 1930°s. Copper Refining at Mounf Isa’s fully owned
subsidiary of Copper Refineries Proprietary Limited (CRL) had commenced operations in 1959

‘.J L:

Figure 1 — Location of Mount Isa and Townsville relative to Brisbane the nearest Capital City

Technnlmglcs to come out of Mount Isa mcludc the ISAPROCESS™ copper refining technolo%,
the ISASMELT™. The Jameson Cell, the IsaMill™. the Albion Process™ and the Hypersparge
Mount Isa Mines Ltd‘ms acguired by Xstrata in 2003 destmta was then merged with Glencore in 2015.
The level of innovation achieved at Mount Isa Mines is unsurpassed and was the result of the difficult
nature of the Mount Isa ore bodies and its response fo declining metal prices and rising operational costs in
the 1970°s and 1980°s. By the 1990°s, Mount Isa had become a world leader in innovative mining
techniques and state of the art processing technologies. The processing technologies are discussed below.

INNOVATIONS
Each of the innovations developed at Mount Isa Mines had a driver but the overarching desire was

to make technology more efficient and cost effective. Each of these process developments will be
discussed separately.

ISAKIDD™ - 2020 Compendium of Technical Papers

13



Contents

14

50th Annual Canadian Mineral Processors Operators Confarence®), Ottawa, Ontario, JTarmary 23-25, 2018

ISAPROCESS™

The development of the ISAPROCESS™ tank house technology had its beginning in the zinc
industry. During the mid-1970s, MIM was considering building a zinc refinery in Townswville to treat the
zinc concentrate produced by its Mount Isa operations. As a result, MIM staff visited the zinc smelters
using the best-practice technology and found that modern electrolytic zinc smelters had adopted permanent
cathode plate and mechanised stripping technology. MIM realised that the copper refineries performance
was constrained by the convenfional practice of copper starter sheets. The preparation of these copper
starter sheets was labour intensive and the overall cycle was several weeks in duration.

MIM imtiated a research program aimed at developing similar permanent cathode technology for
copper refining CRL. a subsidiary of MIM, had been operating in Townsville since 1959, using
conventional starter-sheet technology and treating blister copper produced in the copper smelter at Mount
Isa. Permanent cathode technology was developed and adapted over many years of in-plant experimental
work and successfully introduced to the Townsville refinery in 1978. . The fundamental difference between
the new ISAPROCESS ™ and the conventional starter sheet technology is the use of a permanent reusable
cathode blank instead of a non-reuseable copper starter sheet and the introduction of mechanised and
automated electrode handling machines replacing labour-intensive manual operations. The vertical edges
had plastic strips and the bottom cased in wax to prevent copper cathode from growing around the edges of
the cathode plate during, stripping and allowing two separate copper sheets from each cathode plate. This
technology led to major advances in the electrode handling systems and automation in copper tank houses.
The improved geometry of the cathode plates and the significantly shorter cathode cycle times allowed for
increased intensity and efficiency of the refining process. Introduction of permanent cathode technology
resulted in higher capacity, befter copper cathode quality with less defects, safer operation and a four-fold
improvement in productivity. Considerable development work was required to modify the original
stripping machines from their zinc cathode origins due to the heavier cathodes. The stripping capacity of
the machines has increased from 250 plates per hour to 600 plates per hour in the latest designs. More
recent developments include the elimination of wax masking from the cathode plate, robofic electrode
handling machines, and the introduction Duplex Stainless Steel cathode plates giving greater durability and
corrosion resistance. Through the use of ISAPROCESS™ user forums. to exchange ideas and
developments in the fechnology and fo share operational experiences, the technology has enjoyed
continued improvement with higher productivity and improved quality at low cost.

Figure 2 — The IsaKidd process
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In mud 1981 Falconmbridge Limifed commussioned a copper smelter near Timmins fo treat
concentrate from its Kidd Mine. The original copper cathode produced at Kidd suffered from the presence
of higher concentrations of lead and selenmum and could not meet customer specifications. It was
determined that the use of copper starter sheets was preventing the Kidd refinery from meefing its cathode
quality targets. Testwork began with the use of permanent stainless steel cathodes after preliminary tests
showed a significant reduction in deleterions elements. The Kidd Process cathode used a solid copﬁr
header bar welded onto stainless steel resulting in a lower voltage drop than the ISAPROCESS™™.
Falconbridge began marketing the Kidd Process techmology in 1992 providing competition between the
two suppliers of permanent cathode technology. Between 1992 and 2006, 25 Kidd technology licenses
were sold and 52 ISAPROCESS™ licenses.

The development of the ISAPROCESS™ and Kidd Process set the scene for a nin of technology
developments that continued until the mid 2000°s. Xstrata took over MIM in 2003 and then Falconbridge
in 2006. The Kidd Process technology consequently became part of the tank house package and together
they have since been marketed as IsaKidd™ representing the dual heritage of the techmology. The current
robotic stripping machine (Figure 2) 1s based on over 30 years of copper refining and winning technology.
Today over 100 licensees are using IsaKidd™ technology.

ISASMELT™

The sinter plant/blast furnace combination was the dominant fechnology for lead smelting
throughout the 20® century. In the early 1970°s companies using this technology came under sustained
political and economic pressure as fighter environmental regulations were introduced, and energy costs
increased, leading to higher capital and operating costs (Fewings 1988). It was in this environment that
Mount Isa Mines sought a process that would improve the performance of the operations at their lead
smelter in Mount Isa.  Affer investigating the various processes under development, researchers turned
their aftention fo the Sirosmelt lance. It had recently been developed on a laboratory scale at the
Commonwealth Scientific and Industrial Research Organisation (CSIRO) in Melbourne. Following initial
investigations Mount Isa Mines recognised the potential of the novel concept for smelting of lead
concentrates and embarked on an extensive development program.

In 1978 a joint project was inifiated between Mount Isa Mines and CSIRO to investigate the
application of the Sirosmelt submerged-combustion technology to the smelting of Mount Isa lead
concentrates. The ISASMELT™ process, as it became known, was developed to maturnity for smelting
copper, nickel lead and zinc feeds by Mount Isa Mines through the 1980°s and 1990°s using incremental
scale up. Commercialization only occurred once the process had been proven on laboratory, pilot and
demonsiration scale over many years. Approximately ten vears were required for development of the lead
and copper ISASMELT™ from crucible to demonstration scale (refer to Figure 4). During this decade the
core know-how that was accumulated enabled the development team to reach the point where they were
much befter equipped to design and construct a full scale commercial plant — the final stage of the scale up
process. Key aspects in this process were the selection of the scale up factors and the systematic design,
development and re-engineering of several components of the technology. Figure 3 shows a comparison
for the scale wp stages for the lead and copper ISASMELT™ processes. Pilot scale was defined as unity for
scale Up comparison.
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Figure 3 — Lead and copper ISASMELT™ Scale up comparison

During the scale up process, refer to Table 1, several aspects of the technology were developed to
a high standard that allowed the ISASMELT™ technology to become a commercial success. As a result,
ISASMELT™ technology now operates successfully at numerous plants around the world. The methodical
approach to development of the technology has allowed owners to modernise their existing operations or
create new businesses with significantly reduced technical risk.

An important parameter in the evolution of the [ISASMELT™ technology has been the refractory
campaign life. Figure 5 shows the history of the refractory campaigns at the commercial copper
ISASMELT™ plant at Mount Isa since commussioning. At the time Mount Isa Mines management
considered the installation of water cooling on the furnace refractories undesirable because of the potential
for fatal incidents and increased operating costs. As a result the commercial scale furnaces were
constructed with mimimal water cooling. Although flus led fo shorter campaign lives imtially, a
development program was begun that focussed on optimising refractory materials selection and installation
methodology. When coupled with process control strategies and continuous on-line monitoring of the bath
temperature using systems developed over more than 10 years of operation, it allowed Mount Isa Mines fo
achieve campaign lives of more than 3 years without using any water cooling of the furnace refractories.
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Figure 4 — Tapping matte from the copper ISASMELT at Kazzine
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Table 1 — Eey Indicators of ISASMELT™ Plants from pilot to commercial scale

Pilot Demo First Full Current
Topic Uit Scale Scale Scale Design!
Pb Cu Pb Cu P’ Cu Pb Cu
Fumace ID m 0.4 04 18 23 25 375 36 44
Lance mm I8 38 150 250 250 350 250 500
Diameter
Lance Control - Mamuzal Semi  Awtomatic Semi Automatic
Automatic
Oxygen % 21 21 21 28 35 45 70 90
Enrichment
Nominal Feed tph 0.12 0.25 5 15 20 101 40 183
Rate
Offzas Treatment - Fhue System / Gas cooler/ 1
= Baghouse Baghouse WHB WHB
Notes:
ID- Internal Diameter; WHB: Waste Heat Boiler
! Refers to maximum throughput

? Some of the plants use a combination of radiation section and evaporative cooler for offgas treatment
¥ Refers to the smelting furnace from the two stage lead ISASMELT™ process
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Figure 5 — Mount Isa copper ISASMELT™ plant campaigns (as of 2013)

Jameson Cell

The Jameson Cell (Figure 6) was jointly developed by Mount Isa Mines and Laureate Professor
Graeme J Jameson (AO) of the Umiversify of MNewcastle. Mt Isa had commenced operations with
conventional flotation cells but was installing columns in cleaning duties in the mid 1980°s. The columns
had the benefit of froth washing that was likely to allow significant grade benefits in the very fine lead-zinc
circutt. The first observations of the columns was that the collection process was slow necessitating long
residence times and large volumes which remains a limitation of columns even today. In 1985 Professor
Jameson was commissioned fo undertake a project to improve the column sparger design.
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Figure 6 — Jameson Cells compared to columns of the same capacity at Mount Isa

Following initial work to provide an alternate method to bring together bubbles and particles, the
downcomer was created. In the downcomer the air and the shury are co-current with the air being
entrained into the plunging jet under vacuum. Investigation showed that all of the bubble particle contact
took place in the downcomer and thus the flotation tank could be nmich smaller. The first application at an
industnial scale was in the lead zinc concenfrator on the heavy media plant (HMP) lead slimes circuit. The
inifial improvement in performance were attributed to the very short residence time that allowed the
mimimisation of oxidation of galena fines. The cells were significantly smaller than the columns and there

is no doubt the performance was superior as shown in Figure 3.

The testwork and trials in the early applications showed improved metallurgical performance
when operated correctly. The challenge was operating them correctly. The technology hadn't been
sufficiently developed to be successtully adopted into plant operations. The cell fell out of favour in base
metals and in the 1990°s was adopted info the Australia Coal industry and into niche SXEW applications
where the maim design challenges were resolved. The operability was improved by the mtroduction of a
partial recycle to mainfain constant flow and the mainfainability of the cell was improved through various
design modifications in operating plants. It was a period of continuous improvement. The result was a
robust, low maintenance, easy to operate cell with the original features of excellent bubble particle contact.

The final obstacle was overcome when its adaption mnto the flowsheet was recogmised to enable
successfil installations at the head of cleaner circuits and as low cost brownfield expansions. It 1s clear
that the fast failures have had a significant effect on the success of the cell limiting its adoption into the
industry. It is interesting that a sigmficant proportion of sales are to refum customers. Once you get over
the hurdle of getting a Jameson Cell into your plant then seeing is believing 2016 was the best year for
Jameson cells info base metals and include the first sales back into South America where the cell had been
abandoned after the difficulties of operations and maimntenance of the Alumbrera installaton The
metallurgical performance in Alumbrera was never the issue but the operators and maintainers hated the
cells and they failed fast and hard.

24
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The Jameson Cell celebrates its 30® birthday this vear and has finally been adopted info
mainstream base metals concentrators mainly as cleaner scalper at the head of the cleaner circmt. The cells
generally recover up to 80% of the cleaner feed at high grades enabling mmch lower capital expenditure on
the entire circuit. Process performance can be predicted from laboratory and pilot plant testing with
demonsirated direct scale-up. It may have taken 30 years but the Jameson Cell is finally a success story.
There are many lessons that can be leamed from the implementation of innovation into industry from this
case study.

LsaMin™

Unlike the developments of some of the other technologies at Mount Isa where efficiency was the
main driver, the IsaMill was developed based on necessity. Figure 7 shows photomicrographs with the
same scale of 40 micron demonstrafing the increased complexity of Mount Isa ore over Broken Hill ore
and the very difficult McArthur River ore.  Although McArthur River was discovered in 1955 it was not
able to be economically processed until the successful development of ultrafine grinding. McArthur River
processing began in 1995 — 40 vyears after discovery when the IsaMill™ made it technically and
economically feasible to grind all of the rougher concentrate to 7 micron to facilitate the rejection of non-
sulphide gangue. Even at 7 micron galena liberation is not possible and a bulk zinc-lead concentrate is
produced.

a)

LT

Figure 7 — Photomicrograph of a) Broken Hill ore b) Mount Isa ore c) McArthur River ore

Investigations into fine-grinding started at Mount Isa starfed in the 1970s using conventional
grinding technology to increase mineral liberation by grinding to fine sizes. These technologies were not
only found to have high power consumption but also proved to be detrimental to flotation performance as a
result of pulp chemistry and iron contamination from steel media These poor results were revisited during
pilot plant and tower mill testwork in the 1980s which also showed an inability of fower mills fo
economucally achieve the required sizes. When it became clear that the solution to efficient fine-grinding
did not exist in the minerals industry, MIM looked for ideas to “crossover” from other industries that also
ground fine particles — pigments, pharmaceuficals, foodstuffs (e.g chocolate). While these mills operated
at a mmch lower scale and treated high value products they demonstrated the principle that stimng fine
media at high speed was highly efficient. The challenge was transferring this concept to continuous, high
tonnage and lower-value streams in the nunerals industry.

In 1991 the introduction of a Netzsch laboratory stirred mill to the Mount Isa site was a furning
point in fine-grinding and ultrafine grinding. The *: litre bench scale mill resembled a milk shake maker
and used fine copper smelter slag as grinding media. Testwork on McArthur River ore started in 1991, and
by January 1992, a small pilot scale mill, IME100, had been designed and installed at the Mount Isa pilot
plant. The testwork showed that high speed, inert, horizontal mills could efficiently grind to 7 microns at
laboratory scale providing major improvements in metallurgical performance. To make ultrafine grinding
applicable to fisll-scale production a program of development was undertaken between Mount Isa Mines
Limited and NETZSCH-Feinmahltechmk GmbH.
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After 7 years of development and tesfing of prototypes in the Mount Isa operations, the IsaMiill™
evolved. It was large scale, contimious, and most importantly robust because it was developed by
operators. The crucial breakthrough was the perfection of the internal product separator — this allowed the
mill to use cheap natural media (sand, smelter slag, ore particles) and to operate in open circuit. These are
significant advantages for operating cost and circuit simplicity. Scale-up was tested using trial installations
at the Hilton and Mount Isa lead/zinc concentrators. By the end of 1994, the first full scale IsaMhll™
{1.1MW) was installed in the Mount Isa concentrator. Improvements to the technology were contimally
made by the operators, maintainers and engineers working with the technology.

In 1998 the rights for commercialisation of the IsaMill™ where transferred from Mount Isa Mines
Limited to MIM Process Technologies (now Glencore Technology) and under an exclusive agreement with
Netzsch. In December 1908, the IsaMill™ technology was launched to the metalliferons industry as a cost
effective means of grinding down to and below 10 microns. The Isabill™ is now a mainstream fine
grinding machine with over 130 installations around the world.

The Albion Process™

In the 1990°s, MIM were studying options for the development of the large Frieda River/Nena
project in PNG through its subsidiary Highlands Pacific. The Nena ores were not amenable to smelting,
due to the elevated arsemic confent, and several hvdrometallurgical options were examined. Out of this
work, MIM developed the Albion Pmn:essm__ named after the suburb in Brisbane where MIM's
development laboratory was located. The Albion Process™ is a combination of ultrafine grinding using
Glencore Technology's IsaMill™, followed by oxidative leaching at atmospheric pressure in a series of
reactors designed to achieve high oxygen mass transfer efficiency. The HyperSparge™ was also
developed to deliver oxygen to the reactors efficiently.

Various small scale continous pilot plant campaigns were conducted mn 1994 and 1995, A larger
pilot plant {120kg zinc cathode/day) was constructed in 1997 to conduct testwork as part of a feasibility
study on the zinc/gold resources of Pueblo Viejo in the Dominican Republic. Extensive piloting was also
conducted on lower grade chalcopyrite concentrates for Cvprus Amax in 1998, and for Mount Isa Mines in
2000. Pre-feastbility and feasibility pilot testing was conducted on the zinc/lead bulk concenfrates from
McArthur River and Mount Isa in Awstralia between 2001 and 2005, During this time the Albion
Process™ was successfully tested on over 70 different ores and concentrates. The process is designed to
recover gold and base metals from refractory ores. The key to the process is the ultrafine prinding stage
followed by a hot oxidative leach at atmospheric pressure.

In the period from 1994 until 2004, the Albion Process (see Figure 8) was seen as strategic fo
the MIMXstrata group, and was not marketed externally. In 2005, a decision was made to offer the
technology to external clients under licence. and a marketing agent — Core Resources, was appointed to
market the technology globally. Interest in the technology has been very strong in the subsequent period,
with early licences signed in 2005 for the Las Lagunas Project. and 2006 for the Certej Project. The
technology moved info commercial production in 2010 with the commissioning of Glencore’s Albion
Process ™ plant in Spain (4,000 tpa zinc metal), followed in 2011 by the commissioning by Glencore of a
second plant in Germany (16.000 tpa zinc metal). The Las Lagunas refractory gold project commissioned
in 2012, and the GPM Gold refractory gold project commissioned in 2013
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Figure § — The Albion Process oxidative leach plant in Armenia

The major scale up risk with any oxidative leaching technology is oxygen mass transfer. High
agitator power demands are common to achieve the shear rates in the vessel required for effective mass
transfer at a commercial scale. A different approach was taken in the design of the Albion Leach Reactor to
lower the agitator power demand. Glencore developed the HyperSparge supersonic gas injection lance to
pmmde gas mjection velocities of the order of 500 m s ! within the leaching vessel, compared to the 4 — 8
ms” achieved with a typical agitator. Supersonic oxygen injection is a far more efficient method of
generating shear than convenfional agitation, allowing the total power mput into the wvessel to be
significantly reduced, and greatly reducing the scale up nisk for the oxidative leach.

The Albion Process™ was enabled by the fine grinding of the Isah-li]lmandthepmcesswas
designed to deliver a lower co: ngmcessing option for treating refractory mineral resources. There are now
six operating Albion Process ™ plants and the process has now an extensive database of potential
applications.

CONCLUSIONS

MIM developed a significant mumber of processing innovations that are technical and economic
successes. LThe abilify to innovate at MIM was enabled by very challenging orebodies and the need fo
process efficiently fo remain economically viable. The success has been attributed to the development of
these technologies on an operafing site with the R&D group solving the techmical issues on small scale.
Each subsequent scale up was completed in the operating plants where the operators, maintainers,
engineers and metallurgists were required to achieve production goals at each step of the scale up to ensure
funding for the next step.

The number of mnnovations, at MIM, was disproporfionate to the scale of operafions and may have
been enabled by the remoteness of the site and the researchers and operators working collaboratively to
solve economic and techmeal problems. The research group were not capital cify based but worked on the
same site and were required to assist with installation commissioning and operation of the various stages.
This co-operation led to adoption info the plant and a fast feedback loop for improvements. The ultimate
success of the innovations has been their widespread adoption into the mainstream industry where
feedback from operating sites based on a user group model has enabled continuous improvement of each of
the technologies.
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technologies in their plants. The success of these developments continues with the inpuf from end users in
the ongoing development.
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ABSTRACT

In today’s modern copper electro-refineries, increasingly higher average current
densities are being employed. With these increases many refineries are approaching their
limiting current density. The nearness of the average operating current density to the
limiting current density has placed increasing emphasis on the need to maintain an even
current distribution. This paper explores the importance of maintaining even current
density and discusses the factors, processes and practices that are necessary to achieve
and maintain high quality production at high operational intensity.
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INTRODUCTION

The copper industry was based essentially on the use of a copper starter sheet as
the substrate for the refined copper deposition. In the 1970's operating current densities
with this technology were typically around 220-250 amps per square metre.

There was a clear recognition that the maintenance of electrode spacing or
geometry was crucial in minimising short circuits and rough growth within the cells. A
number of systems aimed at rigidising the fragile copper starter sheets were introduced.
These included a number of both pre and post-installation straightening systems
including starter sheet embossing and restraightening systems such as the PD press.

The pursuit of the vertical electrode culminated in the introduction of permanent
stainless steel technology by the ISA PROCESS™ group in 1979 at MIM’s Townsville
Refinery. The introduction of this inherently straight permanent cathode technology led
to its combined use with high quality anode straightening machinery and crane placement
systems. These combined systems led to very predictable electrode geometry and inter-
electrode gaps, resulting in superior cathode quality at high current density.

The industry now had a refining system, which had overcome much of the labour
intensive tasks associated with maintaining correct and even electrode spacing.
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Limiting Current Density

A key industry target has been to increase productivity and reduce costs while
improving product quality. Increasing current density has been an important element of
this aim, along with larger electrodes, closer spacing, larger numbers of plates per cell
and higher time efficiency.

The maximum current density possible is related to the ability of cupric ions to
migrate to the cathode surface as quickly as those ions can discharge from the anode.
This is driven by the diffusion rate of cupric ions across the boundary layer at the cathode
face. The thickness of the boundary layer depends on many factors including flow rate of
the bulk electrolyte and the concentration gradient across the boundary layer. This
process is described by Fick's Law (1), which can be written as;

-dQ = D(Cy-C.) (1)
T d

where Cy, is the concentration of the cation (cupric) in the bulk solution (mol/m3 ), Ce is
the concentration of the cation at the electrode surface, d is the distance over which the
concentration change occurs (m), D is the diffusion coefficient (m%/s). dQ/dT is the flux
in mol/m?/sec.

If the current density exceeds the ability of cupric ions to diffuse across the
boundary layer the current will be carried by cations other than copper, and a reaction
other than copper reduction at the cathode will occur. The limiting current density can be
written as the equation;

ilim = nFDC;, ()
d

where i is the current density (A/m%), F is Faraday constant (C/mol) and n the number of
moles of electrons in the electrochemical reaction.

This condition exists when the cupric ion concentration is zero at the electrode. If
more current is driven through the electrode it will be carried by cations other than
copper. In electrorefining, this would normally be Arsenic and possibly Bismuth or
Antimony.

A key factor here is that the limiting current can be reached at any electrode, or
part of an electrode in a cell, prior to the full set of electrodes reaching their limiting
current. This results in the generation of a rough and open structure in the high current
density regions. This cathode will not comply with the criteria specified by international
standards. Rough growth in turn can result in the inclusion of slimes and electrolyte
within the structure. Both occurrences will result in non-compliant product.
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Quality Considerations

In a copper market where demand outstrips supply, the minimum standard is
often sufficient. However in a less favourable market, only suppliers of the highest
quality copper will maintain full sales of their product and achieve maximum premiums
over standard product value. In the modern era, downstream fabricators are under
constant pressure to reduce their costs. These companies are becoming less inclined to
accept the need for rework due to poor raw material supply.

Table I — Cathode Quality Standards versus Typical ISA PROCESS™

Element LME ASTM B115 Xstrata Refinery
Limit (COMEX) Limit (12 month average)
ppm ppm ppm
Pb 5 8 0.1
As 5 5 0.5
Sb 4 5 0.2
Bi 2 2 <0.1
Ag 25 25 12
S 15 25 5
Fe 10 12 <0.1
Ni(+other) 20 8 0.6
Se 2 4 <0.1
Te 2 2 <0.1

While the LME and Comex standards are recognised internationally as good
supply, copper producers are now aware that simple compliance is not enough. Some of
the world's key wire-rod producers will simply not accept sulphurs above 5 ppm. Lead
concentrations should be maintained well below 3 ppm.

Current Distribution - Theory

Electrode pairs in a cell are arranged in parallel with the direction of current flow,
such that total cell current divides between the electrode pairs in accordance with Ohms

Law. The current passing through each electrode pair is inversely proportional to its
component resistance.

Ideally, if all resistance paths are equal, the cell current will divide so that all the
electrodes will operate at the mean current density over the entire surface of the cathode.
In practice however, variations in ohmic resistance between electrode pairs leads to non-
uniform current distribution. The range of current densities within each cell approximates
a ‘normal’ distribution. Cathode plates at the extreme high end of the range are the first
to exhibit rough growth and ultimately cause short circuits. These highs also restrict the
ability to raise the mean current density because they impact on the current efficiency
and cathode quality.
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Figure 1 — Current Distribution Comparison - Conventional and Permanent Cathode

Factors affecting Current Distribution

The causes of non-uniform current distribution are simply those physical
characteristics that affect the electrode pair resistance, namely;
- Electrode cell spacing
- Electrode alignment
- Electrode physical geometry
- Electrode contact resistance
- Electrode internal resistance

The factors that have greatest impact on current distribution will be those which
contribute the greatest component voltage to the overall cell voltage.

Table II — Cell voltage Components, typical modern refinery*

Components of Cell Voltage, mV

Crop 1 Crop 2 Crop 3
Anode contact voltage drop 10 10 15
Electrolyte voltage drop 220 270 320
Cathode plate internal resistance 25 25 25
Cathode plate contact 25 25 25
Anode overpotential -340 -340 -340
Cathode overpotential 340 340 340
Total Cell Voltage 280 330 385

* permanent cathodes, 600 Amps/plate (300 A/m?) electrode pitch 100mm
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Electrolyte Resistance

Electrolyte resistance is by far the major component, representing 80-85% of total
cell voltage. Therefore small changes electrode geometry that affect inter-electrode gap
will have a major impact on the electrode pair resistance and current distribution.
Electrode spacing and geometry are the key variables that must be controlled to optimise
current distribution. This is particularly true in modern high-intensity refineries that use
increasingly thicker anodes and closer electrode pitch. As anode thickness increases, the
current distribution becomes increasingly sensitive to variations in inter-electrode gap.

Electrode Contact Resistance

In a modern refinery, the average cathode plate contact voltage accounts for 8-
10% of the overall cell voltage. However contact voltage is often highly erratic,
depending on the physical condition of the contact surfaces. Field measurements show
that individual contact resistance typically ranges from 20-200 xO, equivalent to 5%-
25% of total cell voltage. Cell contacts can therefore have a substantial effect on current
distribution if not correctly managed.
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Figure 2 — Cathode Plate Contact Resistance

Electrode Internal Resistance

Cathode plate internal resistance depends upon the plate design characteristics. A
typical ISA PROCESS™ plate accounts for around 8% of total cell voltage. However
more important is the ability of the cathode plate to maintain low resistance over the
duration of its life. Inferior plate designs result in a marked deterioration of electrical
properties over time. Therefore plate internal resistance becomes a significant component
in the overall cell voltage, and variable plate resistance will impact current distribution.

Anode resistance (both internal and contact resistance) is typically less than 2%
of the cell voltage and therefore has negligible effect on current distribution.
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OPTIMISATION OF CURRENT DISTRIBUTION

Electrode Alignment

Electrode geometry and alignment have long been recognised as the essential
requirements for producing high quality cathode at high current density. With the use of
increasingly narrow inter-electrode gaps, small deviations in electrode spacing have a
proportionately larger impact on the inter-electrode gap and therefore on current
distribution.

The aim of alignment is simple in theory. Anodes are placed at a fixed and
uniform pitch in the cells, using the mould face of the anode lugs as a reference. Plates
are then interleaved so that the blade is equal-distant from each adjacent anode face.

Alignment practice is carried out either automatically with advanced crane
systems, or manually by the tankhouse operators. Both methods are capable of good
results when implemented correctly. The main benefit of crane alignment is consistency
and repeatability.

Manual alignment techniques commonly employed include the following;

Torching in — The gap between anode and cathode blades is checked visually with the aid
of a hand-held light during the anode change, without electrolyte in the cell. This time-
consuming method is most useful when anode physical quality is poor.

Visual Spacing — Anodes and cathodes are positioned in relation to reference points on
the cell-top furniture (insulators and / or contact bars).

Spacer tools — A hand-held spacer bar is used to re-position the cathode hanger bars to a
set distance from the mould face of the anode lugs (equal to the theoretical spacing for
nominal anode thickness).

Some modern operations have the capability of automatically aligning the
electrodes, such that little or no manual adjustment is necessary. This requires integration
of the anode preparation machine, cathode stripping machine and overhead cranes, such
that;

» The anode preparation machine and cathode stripping machine deliver electrodes to
the crane at precisely the correct pitch. Anodes are positioned via the ‘mould’ side,
which has less physical variance than the ‘set’ side.

» The crane is capable of maintaining the electrode pitch during loading / unloading
and during transit. The crane hooks must positively locate the cathode plate hanger
bars and have minimal free tolerance. Hooks must be robust enough to resist bending.

» Final placement (fine-positioning) of the crane bale on the cells must be highly
accurate. Positioning devices used include laser targets and the more positive
mechanical systems (cone or pyramid). ‘Stiff-leg’ cranes facilitate location of the
bale onto the positioning device.
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» The position of the cathode hooks relative to the anode hooks must be adjusted to the
correct spacing, and checked by actual observation of the cathode. This action must
be precise and repeatable.

» To enable the crane system to function as designed, the cells and cell-top furniture
must be positioned accurately and remain fixed in place.

Xstrata’s refinery in Townsville has operated two fully automatic cranes since it
underwent a major refurbishment in 1998. These cranes are highly reliable and
consistently place the electrodes within 2mm of their intended target. The alignment
capability of the anode preparation / cathode stripping machine / overhead crane system
is checked daily, by placing one set of electrodes in a calibrated portable rack.

Anode Quality

Variable anode geometry has a significant impact on inter-electrode gap and
therefore current distribution. To fully realise the benefits of permanent cathode
technology, significant improvements to anode quality were needed. Anode geometry
had become a limiting factor in refining performance, which led to improved casting
practice and better anode preparation.

There is now greater onus on casting operators to deliver anodes of consistent
weight that are free from bowing, taper, fins or wash. A five percent variation in anode
weight can result in blade thickness variation of 2-3mm. This is significant in high
intensity refineries where inter-electrode gap may be less than 20mm on crop 1'. Modern
weight-controlled casting systems are capable of delivering weight control within 2% of
the target.

Key improvements to the anode preparation machines include lug contact milling,
face milling and lug centring. More sophisticated machines also measure lug and blade
thickness at various points in the press, and reject / accept anodes based on thickness,
taper and other dimensional criteria.

Lug face milling and lug centring reduces interference between lugs that would
otherwise prevent proper alignment, particularly in high-intensity cells with narrow gaps.
These features also facilitate crane handling by ensuring the anode lugs are compatible
with the crane hooks. Lug centring also aids manual alignment by allowing operators to
more easily judge by eye the correct position of the lug. This can be difficult with off-set
lugs.

A further contribution to improved alignment comes from the introduction of
narrower cathode plate hanger bars, made possible by the high strength of the stainless
steel hanger bars system. ISA PROCESS™ has supplied hanger bars to a width of 25mm
in response to customer requirements. The strength of the stainless steel hanger bar

' Based on ISA PROCESS plant operating with 400kg anode and 95mm pitch
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ensures the mechanical properties and geometry of the plates will not be compromised
over time.

Operating Cycles

Permanent cathode technology offers greater flexibility with stripping schedules
than can be achieved with conventional technology. Anode / cathode cycles can be varied
to suit operational requirements. A practice commonly used in high intensity refining is
to vary the anode / cathode cycle to optimise current distribution, including;

» Reducing the anode weight and cycle time, to increase average inter-electrode gap.
Anode cycles from 14 to 21 days are used amongst ISA PROCESS™ operators.
Example — 5d / 5d / 6d (crop 1/ crop 2 / crop 3)

» Shortening crop 1 duration and extending crop 3 duration, to maximise current
efficiency (inter-electrode gap increases with crop number). Example — 6d / 7d / 8d

» Shortening crop 3 duration, to minimise poor current distribution arising from light
anode scrap / poor anode contacts in latter crop 3. Example — 6d / 8d / 7d

» Converting to a 2 crop operation instead of the traditional 3 crop operation. This
reduces anode weight and therefore inter-electrode gap. Example 7d / 7d. (Often two
crops are used to achieve other objectives such as increased cathode weight, or
reduced workload on the machines — Example 10d / 10d).

Electrode Geometry

The single most significant property of permanent cathode technology is the
vastly improved plate geometry. This is particularly well demonstrated by the benchmark
ISA PROCESS™ refineries around the world.

Performance of traditional refineries was constrained by the poor cathode
geometry inherent with copper starter sheets. This was despite innovations such as
embossing, rigidising and pressing of the starter sheets. Permanent cathode technology
provided the step-change improvement in cathode geometry that was needed to make
high intensity refining possible.

Cathode Plate Verticality

Verticality of the cathode plate is essential for achieving uniform current density
over the face of the cathode plate. Non-vertical plates are subject to localised high current
density in the bottom portion of the plate, leading to rough growth, increased entrapment
of impurities, proximity shorting, and lowering of the effective limiting current density.

In modern refining with narrow inter-electrode gaps, small deviations in
verticality can have significant impact on current distribution. A plate that is hanging
6mm off-plumb will raise the current density by a factor of 30% in the lower region of
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the plate’. As the intensity of refining increases, demands on plate verticality become
greater.

Manufacturers of quality cathode plates should achieve verticality tolerance at
least + 5.5mm (centre-line deviation from vertical). Operators are demanding even
stricter verticality tolerance in some operations.

While construction tolerances are important, the ability of the plate to maintain its
geometry in service has a far greater impact on long-term plant performance. Plates must
be robust enough to resist bending. The hanger bar system is a critical design feature that
imparts overall strength to the plate, and provides rigidity to the blade. Hanger bar
systems can be either copper or stainless steel. A copper-plated RHS stainless steel
hanger bar, welded to a high chemical and physical quality stainless blade, has proven to
produce the most consistent long-term performance.

Proper management of process parameters including electrolyte composition and
reagent levels, will preserve the blade surface condition and maintain copper stripability.

This in turn minimises mechanical damage during stripping.

Routine checking of plate verticality is also highly important. Non-vertical plates
can generally be repaired on site using a simple peening technique.

Anode Verticality

Anode verticality is equally important as cathode verticality. Traditionally anode
verticality was often achieved by inserting packing under the lugs to alter the hang of the
anode, during torching-in.

Significant improvements were made with the introduction of pressing and contact
milling in the anode preparation machines, as highlighted already. Lug pressing should
incorporate re-setting of the lugs to the centre of the blade. Measurements have shown
(2) that anodes with off-set lugs tend to hang 7-8mm off-plumb, and this can be
overcome by centralising the lugs.

Contact milling improves verticality by providing a flat, regular contact surface.
Correct maintenance and set up of the milling equipment and cutting heads is critical.

Cathode Plate Flatness

The inherent flatness of stainless steel cathode blades is a key factor in the
success of permanent cathode technology. Today’s manufacturers can supply to a
flatness tolerance of 3mm. However, the on-going flatness of the plate is more important

2 assuming 17mm inter-electrode gap, crop 1
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than the original flatness tolerance. This is a function of blade thickness, hanger bar type
and plant operating conditions.

A blade thickness of 3.25mm for most applications has proven to be the most

cost-effective, in terms of current efficiency, plate maintenance costs and ultimate service
life.

The hanger bar system provides much of the overall strength and rigidity to the
overall plate assembly. Alternative hanger bar systems provide varying degrees of
strength, however it is generally held true that stainless steel hanger bars provide
optimum strength and durability. While solid copper hanger bars are widely used, a long-
term bond between the copper bar and the stainless steel blade continues to elude
manufacturers.

Plates that are bent or bowed may be tolerated provided they hang within an
acceptance envelope (eg 14mm for a 3.25mm plate). The allowable envelope becomes
tighter as current density increases or electrode pitch decreases. The decision to
straighten a bowed plate should be based on hang-test results rather than absolute blade
flatness.

On-going management of cathode plates is the key to their long term performance
and extended life. Mechanical damage to the cathode plates can occur during crane
handling, in the stripping machines, or through manual handling during repair and
manual stripping. Areas that are often problematic include;

» Plates can collide with anodes or cell walls during cell loading, or strike feed
conveyors during machine loading. Cranes should have accurate bale positioning, and
incorporate sensors, which stop the bale from lowering when ‘plate-high’ is detected.

» Stripping machines must be engineered and set up to eliminate impact points.
Automatic hammering of cathode plates to remove difficult-to-strip copper is not
recommended by the ISA PROCESS™ as it can stretch and deform the plates.

» Incorrect manual stripping techniques have the potential to cause severe mechanical
damage to the plate, which can affect its hanging geometry.

Cathode Plate Contact Resistance

Contact Maintenance

The contact resistance of individual cathode plates typically accounts for between
5% and 25% of the overall electrode pair resistance. The large variation is due to the high
sensitivity of plate resistance to the condition of the contact surface.

Uniform contact voltages within a cell are far more important than the absolute
value of contact voltages. Average contact voltage impacts power costs, while the
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variability determines current distribution. Uniform contact voltages are realised by
having well maintained cathode plate hanger bar and intermediate busbar contacts.

The stripping machine washing system must incorporate contact cleaning for
removal of organics, copper oxide and electrolyte salts. Modern machines have targeted
contact cleaning systems using high-pressure hot water. Small quantities of sulphuric
acid can be added to the wash wa