S S e ' Edited by:
R e Thomas Battle
Michael Moats ¢ Violina Cocalia * Harald Oosterhof
Shafiq Alam ¢ Antoine Allanore * Rodney Jones
Nathan Stubina * Corby Anderson ¢ Shijie Wang

@ Springer TMIS






TMS2013

142" Annual Meeting & Exhibition




Proceedings of symposium sponsored by
the TMS Extraction & Processing Division, TMS High
Temperature Alloys Committee, and the Metallurgy and
Materials Society of the Canadian Institute of Mining,
Metallurgy and Petroleum (CIM)

Held during the
TMS 2013 Annual Meeting & Exhibition
San Antonio, Texas, USA
March 3-7, 2013

Edited by

Thomas Battle
Michael Moats ¢ Violina Cocalia
Harald Oosterhof » Shafiq Alam
Antoine Allanore * Rodney Jones
Nathan Stubina ¢ Corby Anderson
Shijie Wang



Editors

Thomas Battle Antoine Allanore
Michael Moats Rodney Jones
Violina Cocalia Nathan Stubina
Harald Oosterhof Corby Anderson
Shafiq Alam Shijie Wang

ISBN 978-3-319-48581-2
DOI 10.1007/978-3-319-48147-0

ISBN 978-3-319-48147-0 (eBook)

Chemistry and Materials Science: Professional

Copyright © 2016 by The Minerals, Metals & Materials Society
Published by Springer International Publishers, Switzerland, 2016
Reprint of the original edition published by John Wiley & Sons, Inc., 2013,978-1-11860-575-2

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or
part of the material is concerned, specifically the rights of translation, reprinting, reuse of
illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way,
and transmission or information storage and retrieval, electronic adaptation, computer software,
or by similar or dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are
exempt from the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in
this book are believed to be true and accurate at the date of publication. Neither the publisher nor
the authors or the editors give a warranty, express or implied, with respect to the material
contained herein or for any errors or omissions that may have been made.

Printed on acid-free paper
This Springer imprint is published by Springer Nature

The registered company is Springer International Publishing AG
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland



TABLE OF CONTENTS
Ni-Co 2013

Preface ..o ix
ADbBOUL the EdItOrs .....eeeeieeieiieie e xi
Plenary
Laterites - Still a Frontier of Nickel Process Development ...........cccceeceeieeieeneen. 3
A. Taylor

Cobealt (‘the Technology Enabler’): CDI Review & Future Challenges............. 25
D. Weight

The Recycling of Cobalt from Alloy Scrap, Spent Batteries or Catalysts and

Metallurgical Residues—An OVEIVIEW ........ccceeieerierieiieeeseese e 53
C. Ferron

Ni Laterite Hydrometallurgy

Acid Leaching of Nickel Laterites with Jarosite Precipitation .........c.cccccoceeeunee. 75
D. White, and J. Gillaspie

Extraction of Nickel, Cobalt and Iron from Laterite Ores by Mixed Chloride

LLEACKH PIOCESS ..c.veveiuieiieieieie sttt sttt et s 97
V. Lakshmanan, R. Sridhar, R. DeLaat, J. Chen, M. Halim,
and R. Roy

Reductive Leaching of Limonitic Laterites Using Ferrous Sulphate ................ 107

M. Zuniga, and E. Asselin

Sulfuric Acid Leaching Characteristics of Ni-Doped Goethite ...........ccc..c..... 117
G. Li, W. Cai, M. Rao, Q. Zhi, and T. Jiang

Characteristics of Nickel Laterite Crushed Ore Agglomerates...........c..cveeueenne 125
A. Janwong, N. Dhawan, T. Vethsodsakda, and M. Moats



Electrometallurgy

Acid Mist Abatement in Base Metal Electrowinning ............ccocceeeeevveneeneenenne 143
T. Robinson, D. White, and R. Grassi

Boleo Cobalt Electrowinning Development ...........ccoccevvvevieerieecveeeencneneeseeenne.s 155
J. Lu, D. Dreisinger, and T. Gluck

Comparison of Intercell Contact Bars for Electrowinning Plants............c...... 177
C. Boon, R. Fraser, T. Johnston, and D. Robinson

High Current Density Electrowinning of Nickel in EMEW® Cells................... 191
J. Robinson, 1. Ewart, M. Moats, and S. Wang

Helm Tracker™ Cathode Current Sensing Technology...........ccocoveevueeereerennen. 201
R. Fraser, T. Johnston, J. Yesberg, S. Nolet, and C. Boon

Pyrometallurgy: Solid-State Processing

Cobalt Recovery through Sulphating Roast of Cu/Co Concentrate
Of Katan@a MNING ......ccoveruieiiieieeeeeet ettt et 213
K. Adham

Experimental Study on Reduction-Magnetic Separation Process of Low-Grade
Nickel Laterite OFe .......ccveviiiriririeieientere sttt ettt see e 221
F. Chen, B. Zhang, W. Li, Q. Wang, and X. Hong

State of the Art Refractory Corrosion Test Work for the Nonferrous Metals
TG 101 & U 231
D. Gregurek, A. Ressler, V. Reiter, A. Franzkowiak, A. Spanring,
B. Drew, and D. Flynn

Ores and Processing

Mineralogical Characterization of Cobaltic Oxides from the Democratic
RePUDILIC OF CONZO ...vvieiiceieciieieeeet ettt s essa e aa e e nnas 243
Y. Vanbrabant, C. Burlet, and P. Louis

PolyMet Mining Corporation’s NorthMet Process Development..................... 255
D. Dreisinger, M. Ounpuu, D. Imeson, and N. Verbaan

vi



Talvivaara Nickel Mine - from a Project to a Mine and Beyond....................... 269
M. Riekkola-Vanhanen, and L. Palmu

The Sintering Character of Limonitic Nickel Laterite .........cc.ceccevevenenerenenne 279
C. Wu, H. Li, Y. Chen, C. Li, and Z. Zhang

Pyrometallurgy: Smelting

Nickel, Cobalt and Copper Recovery from Sea Nodules by Direct Smelting
PrOCESS «evtieiitieeeeitee ettt e ette e e et e e eetbe e e etbteeetaaee e e abaaeeestbeeeesraeeeabaeearsereeeansreens 291
K. Sahu, S. Agarwal, D. Mishra, A. Agrawal, N. Randhawa,
K. Godiwalla, and R. Jana

Alternative Coolants and Cooling System Designs for Safer Freeze Lined
Furnace OPEration ..........cooeeiierieeiiee ettt 299
M. Kennedy, P. Nos, M. Bratt, and M. Weaver

Outotec's Ausmelt Top Submerged Lance (TSL) Technology for the Nickel
T 101 & USRS 315
R Andrews, R. Matusewicz, L. Aspola, and S. Hughes

Processing of PGM Containing Ni/Cu Bulk Concentrates in a Sustainable

Way by Outotec Direct Nickel Flash Smelting Process........cccoceeoeiveiviccncenne 325
S. Jyrkonen, K. Haavanlammi, M. Luomala, J. Karonen, and P. Suikkanen

Nickel-Chromium-Boron Alloys Production by Aluminothermic Processes ...335
O. Yilmaz, M. Alkan, and O. Yiicel

Applications & Recycling

Numerical Simulation of Temperature Field in Directional Solidification of
Turbine Blade by Liquid Metal Cooling Method ..........ccoeevvvvvevierencieiieeene 343
N. Tang, Q. Xu, and B. Liu

Influence of Thermomechanical Treatment on Structure and Properties of a
Cobalt Based SUperalloy.........cccoeieierieiieeiercee e 353
P. Sarkar, S. Prasad, M. Chatterjee, and M. Rao

Effect of Processing Conditions on Structure, Properties and Performance

of a Nickel Base Cast Superalloy for High Temperature Applications ............ 357
M. Chatterjee, A. Kishore, P. Sarkar, and M. Rao

vii



Development of Nickel Boron Alloys for Brazing Materials ........c..cccccceeeeen. 365
K. Tasyiirek, M. Alkan, and O. Yiicel

Ni and Co Hydrometallurgy

Continuous Co-Precipitation Behaviour and Stability of Arsenic(V) from
Fe(ILIIT)-AI(IIT)-Ni(IT) Sulphate Effluent Solutions.........cccecceveeerceneenveneenenne 371
C. Doerfelt, and G. Demopoulos

Hydrochloric Acid Regeneration via Calcium Sulfate Crystallization for
Non-Ferrous Chloride Leaching Processes.......coccvvvvrvereereerreecreeceeseenneseeennes 379
T. Feldmann, and G. Demopoulos

Hydrometallurgical Nickel Laterite Processing: A Review of Current SX
Flowsheets and Industry Trends .........cooceeeerierienieeiereee e 391
A. Fischmann, S. Wiggett, T. Bednarski, V. Cocalia, and C. Bourget

Studies on Refining Cobalt Salt Solution by Extraction Chromatography to

Prepare High Purity Cobalt...........ccooeeiieiieiiiiie e 405
C. Song, Z. Li, L. Shuling, C. Zhenping, and W. Lijun

The Starved Acid Leaching Technology (SALT) for Recovery of Nickel and

Cobalt from Saprolites and Caron Plant Residues ...........ccoeoereeniiienneicennenne 413
D. Dreisinger, and J. Clucas

Selective Production of Co and Ni Powders Through Hydrothermal Reduction

of Leach Solutions of a Synthetic Matte Containing Cu-Ni-Co-Fe-S............... 425
D. Mishra, K. Park, K. Sahu, A. Agrawal, and C. Nam

AUhOT INAEX ...ttt ettt 435

SUDJECT INACX ..t 437

viii



Preface

The physical and extractive metallurgy of nickel and cobalt have been a focus of
much activity in TMS over the years. For many years, indeed, a Cu-Ni-Co Committee
existed in the Extraction and Processing Division, before their efforts were taken over
by the Pyrometallurgy and Hydrometallurgy/Electrometallurgy Committees. These
committees have conducted extensive programming in Ni-Co metallurgy, including
physical metallurgy in cooperation with the High Temperature Alloys Committee and
other committees in other divisions of the society. Many of the larger symposia in this
area were organized in collaboration with our partners in The Metallurgy and Materials
Society of the Canadian Institute of Mining, Metallurgy and Petroleum (MetSoc).
TMS-led symposia included Extractive Metallurgy of Ni and Co in 1988, and the
International Laterite Ni Symposium in 2004. MetSoc has organized successful
symposia on Ni Co in 1997 and 2005.

Soon after the 2005 conference, the two societies decided to collaborate on future
programming in this area. The contract we’ve signed guarantees a series of symposia
in coming years, organized by both societies, with the two organizations alternating in
the lead. The first of this new sequence was held by MetSoc as the keystone of their
Conference of Metallurgists in 2009 in Sudbury, Ontario. The 2013 symposium in San
Antonio is the first in the sequence with TMS as the lead organizer.

Following are presentations and papers representing all eight of the sessions organized
in this symposium: a four-paper plenary session, one session on Ores and Processing,
two sessions each on Pyrometallurgy and Hydrometallurgy, one on Electrometallurgy,
and one on Applications and Recycling. We also have a short course on Ni-Co, and a
number of exhibitors to support the success of this conference.

Special thanks are due to MetSoc for their assistance and advice, including three
members of the organizing committee: Nathan Stubina, Shafiq Alam, and Ron
Schonewille. In addition, there is a strong core of TMS organizers representing all
aspects of Ni-Co metallurgy: Violina Cocalia, Corby Anderson, Mike Moats, Harald
Oosterhof, Phil Mackey, Xingbo Liu, and Shijie Wang, with assistance from long-time
members Norbert Piret and Ram Ramachandran. The affiliations of all organizers, as
well as logos of the many co-sponsoring organizations, can be found elsewhere in this
book's frontmatter.

I also wish to acknowledge the co-sponsoring organizations for this symposium:
MEI (Minerals Engineering International), GDMB (German Society for Mining,
Metallurgy, Resource and Environmental Technology), MMIJ (The Mining and
Materials Processing Institute of Japan), SF2M (Societe Francaise de Metallurgie
et de Materiaux), SME (Society for Mining, Metallurgy, and Exploration), SAIMM
(Southern African Institute of Mining and Metallurgy), High Temperature Materials
Committee of the Chinese Society for Metals (CSM), ALTA Metallurgical Services,



ABM (Brazilian Association for Metallurgy, Mining, and Materials), and the Cobalt
Development Institute.

We hope you find this proceedings volume a useful review of previous work, summary
of the state-of-the-art, and reference for the future.

Thomas Battle, lead organizer
Senior Metallurgist

Midrex Technologies
Pineville, North Carolina
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LATERITES - STILL A FRONTIER OF
NICKEL PROCESS DEVELOPMENT

By

Alan Taylor
ALTA Metallurgical Services

Presented by
Alan Taylor
alantaylor@altamet.com.au

INTRODUCTION

» Nickel production has been historically based on
sulphide resources & high grade saprolitic laterites.
+ Based on currently known resources, future
production will increasingly have to come from low
grade limonitic & saprolitic laterites with <1.5% Ni.
» Commercially applied processes for low grade
laterites are:
- Caron Process: reduction roast — ammonia leach)
- PAL (or HPAL) Process: high pressure sulphuric
acid leaching
- EPAL Process: enhanced pressure acid leaching




INTRODUCTION

Note: There is a also single known application of
ferronickel smelting operated by LARCO, Greece.
However, ferronickel smelting is generally considered to
be uneconomic for low grade laterites.

CARON PROCESS

It is not a new process and was first proposed by
Professor Caron, Delft Univ. Netherlands, in the
1920s.

It was pioneered commercially by Freeport at Nicaro,
Cuba, in 1944, then taken over by the Cuban
Government in 1960. It is still in operation.

A further five plants were constructed in the 1970s-
1990s, one of which was closed (Nonoc in the
Philippines) and one never completed (Los
Camariocas in Cuba).




TYPICAL CARON FLOWSHEET
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CURRENT CARON INSTALLATIONS

Plant Start-up Date | Builder Location
Nicaro 1944 Freeport Cuba

Yabulu 1974 Freeport Qld, Australia
Tocantins 1982 Yotorantim Brazil

Punta Gorda 1586 Cuban-Russian | Cuba




YABULU OPERATION, AUSTRALIA

ISSUES WITH CARON FLOWSHEET

It has s high energy consumption for the initial ore
drying step.

Nickel recovery is only moderately high.

Cobalt recovery is relatively low.

It is generally limited to limonite and mixed ores with
>35% Fe.

Recovery falls off with saprolite ores.

It is sensitive to mineral compaosition and requires
careful mining and blending.




PAL PROCESS

» The process is also not new. The first plant was
commissioned by Freeport at Moa Nay, Cuba, in
1959. It was also taken over by the Cuban
Government in 1960 and remains in operation today.

» The next major action was not until the development
of the AMAX and Nical Processes in the 1970s and
1980s for the Prony Project in New Caledonia and
the Gasquet Project in Northern California
respectively. Neither reached commercialization due
mainly to low nickel price.

* In fact there were no further commercial PAL
operations till the 1990s when 3 plants were built in
Western Australia, namely Bulong, Cawse & Murrin
Murrin (Bulong & Cawse are now closed).

PAL PROCESS

+ Since then, 5 PAL plants (not including the
Ravensthorpe EPAL plant) have been constructed
and are either operating or in commissioning; a
further two are under construction.

+ The main driving forces for the PAL projects include:

- Increased nickel demand and higher price

- Availability of numerous low grade laterite deposits

- Higher energy efficiency and higher nickel and
cobalt recoveries than the Caron Process

- Longevity of the Moa Bay operation.

- Successful commercial application of horizontal
autoclaves and related facilities for pressure
leaching of other ores such as gold and zinc.




TYPICAL PAL FLOWSHEET
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CURRENT PAL INSTALLATIONS
(EXCLUDING RAVENSTHORPE EPAL PLANT)

Plant Country Nickel (tly) Status
Moa Bay Cuba 33,000 Operating
Murrin Murrin Australia 40,000 Operating
Coral Bay Philippines 20,000 Operating
Goro New Caledonia 60,000 Operating
Ambatovy Madagascar 60,000 Commissioning
Ramu PNG 31,000 Commissioning
Taganito Philippines 30,000 Construction
Gordes Turkey 10,000 Construction




MURRIN MURRIN OPERATION, AUSTRALIA

ISSUES WITH PAL PROCESS

The capital cost is high.

It has a high acid consumption for saprolitic ores with
high magnesium content.

The process conditions are highly corrosive.
The maintenance cost is relatively high.

Autoclave descaling and maintenance involves
significant pant downtime.

Sophisticated control/safety systems are needed.
Downstream processing is complex.

There has been a lengthy ramp-up time for the
majority of projects.




EPAL PROCESS

+ |t was developed by BHP Billiton and installed at
Ravensthorpe, Western Australia. Commissioning
commenced in late 2007, and operation was
suspended in early 2009, attributed to a fall in nickel
price.

+ It was acquired by First Quantum in Dec. 2009 and
restarted after modifications, with commercial
production achieved in late 2011.

« Limonite ore is treated by PAL and saprolite ore by
atmospheric tank leaching.

EPAL PROCESS FLOWSHEET
(Ref: Ravensthorpe Presentation at ALTA 2005)
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ISSUES WITH EPAL PROCESS

+ |t retains the disadvantages of PAL for the limonite
ore portion of the flowsheet.

« ltis relatively complex, with two different leach
processes.

DEVELOPING PROCESSES USING SULPURIC ACID

* Pressure acid leaching (PAL) combined with
atmospheric pressure agitated tank leaching (AL).

« Stand-alone atmospheric pressure agitated leaching
tank (AL).

+ Heap leaching (HL)

11




PAL COMBINED WITH AL

These combine PAL for limonite with AL for saprolite
in a parallel circuit and/or use saprolite to neutralize
the residual acid from PAL.

Objectives include:

- treating the whole orebody

- reducing the net acid consumption for saprolite

- eliminating or reducing the limestone needed to
neutralize residual acid from limonite PAL

- reducing capital cost.

It has been piloted by a number of companies as far
back as AMAX and Nical in the 1970s, but not yet
commercialized with the exception of EPAL.

STAND-ALONE AL

Stand-alone AL has also been tested by a number
organizations. A recent example is Eramet who have
adopted AL for the Weda Bay Project in Indonesia.

The advantage of stand-alone AL is the absence of a
PAL circuit which should translate into capital cost
savings, reduced down time and lower maintenance
costs.

However, this may be offset by increased sulphuric
acid consumption.

Higher acid consumptions lead to higher iron and
other impurities to downstream processing.

12




PROPOSED WEDA BAY FLOWSHEET
(Ref: Eramet Paper at ALTA 2012)
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ISSUES WITH AL

It generally has a high acid consumption, especially
for saprolite ore, leading to higher operating cost
which offsets the saving in capital cost versus PAL.

It produces high levels of iron and other impurities in
the leach solution which makes downstream
processing more challenging.

It is generally less effective for leaching limonite ore
and sulphur dioxide injection may be needed to
achieve high cobalt extraction.

It typically operates close to 100C so that expensive
materials of construction are needed.
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HEAP LEACHING

« Development work has been carried out by numerous
organizations since the 1990’s, but no stand-alone
commercial operation has yet been established.

* A commercial satellite operation treating grinding
circuit scats was established in 2007 by Minara at
Murrin Murrin in Western Australia. Fresh ore
treatment was also successfully demonstrated, but is
not currently practiced as it is said to be more
profitable to send ore through the existing PAL circuit.

« A stand-alone HL demonstration plant was operated
by European Nickel at Caldag in Turkey, in 2004; but
the project was held up by permitting issues. It was
sold in 2011 and is now owned by VTG Nikel of
Turkey who are aiming for commercial operation.

CALDAG HL DEMONSTRATION PLANT
(Ref: European Nickel Paper at ALTA 2006)
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CALDAG DEMONSTRATION PLANT HL FLOWSHEET
(Ref: European Nickel Paper at ALTA 2006)
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ISSUES WITH HL

Laterites frequently have a high fines content and
agglomeration with a polymer is typically required.
Heap stability is a problem, especially in high rainfall
locations. High rainfall can also cause breakdown of
agglomerates and cause dilution of the leach
solution.

It generally has a high acid consumption, especially
for saprolite ore, leading to higher operating cost
which offsets the saving in capital cost versus PAL.
It typically produces higher levels of iron and other
impurities in the leach solution than PAL, which
makes downstream processing more difficult.
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