Rare Metal

Technology
2015

Eadlitors
Neale R. Neelameggham
Shafiq'Alam
Harald Oosterhof
Animesh Jha

David Dreisinger .

Shijie Wang® ™ =

@ Springer




Rare Metal
Technology

2015




‘@

-

s B
S N

144" Annual Meeting & Exhibition

March 15-19, 2015 » Walt Disney World * Orlando, Florida, USA




Rare Metal

Technology
2015

Proceedings of a symposium sponsored by
The Minerals, Metals & Materials Society (TMS)

held during

2015

144" Annual Meeting & Exhibition

March 15-19, 2015
Walt Disney World ¢ Orlando, Florida, USA

Edited by:

Neale R. Neelameggham
Shafiq Alam | Harald Oosterhof
Animesh Jha | David Dreisinger

Shijie Wang



Editors

Neale R. Neelameggham Animesh Jha

Shafiq Alam David Dreisinger

Harald Oosterhof Shijie Wang

ISBN 978-3-319-48606-2 ISBN 978-3-319-48188-3 (eBook)

DOI 10.1007/978-3-319-48188-3
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., 2015, 978-1-119-07830-2

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
Rare Metal Technology 2015

PIEIACE ..o X
ADOUL the EdItOrS .. ..oeiiieiiiiiiiieeeeeeee e xi
SESSION CRAITS......vviiiiiiieeceiiee ettt et e e e e e eennes Xvii

Rare Metal Processes

Industrial Practice of Biohydrometallurgy in Zambia .........c.cccocevieiiniennnnnne. 3
J. Wang, H. Zhao, W. Qin, X. Liu, and G. Qiu

Industrial Oxygen and Its Advanced Application Technology for
Hydrometallurgy ProCess........coouieiiieiiieieiie ettt 11
W. Zhongling, Z. Deliang, L. Yongguo, T. Le, Y. Qing, and T. Niehoff

Electrochemical Removal Impurity of NaCl from LiCI-KCl1 Melts................... 19
B. Li, M. Shen, Y. Chen, and Q. Wang

Modern Beryllium Extraction: A State-of-the-Art Kroll Reduction Plant......... 27
E. Vidal, J. Yurko, and K. Smith

How to Recover Minor Rare Metals from E-Scrap ........ccoccoveveeveecienincncnene. 37
T. Nakamura

Solvent Extraction of Cu?" with Laminar Flow of Microreactor from

Leachant Containing Cu and Fe........c..cccovviiiieiieniiiiicieceeeeeeee e 45
J. Feng, L. Chuanhua, P. Jinhui, Z. Libo, and J. Shaohua

Precious Metals

Extraction of Gold from a Low-Grade Double Refractory Gold Ore Using
Flotation-Preoxidation-Leaching Process ..........cccccooieiieiiniinieneenceeee e 55
Y. Yang, S. Liu, B. Xu, Q. Li, T. Jiang, and P. Lv

Gold Extraction from a High Carbon Low-Grade Refractory Gold Ore by
Flotation-Roasting-Leaching Process...........ccoooeeriiiieiiiiiinienieeeeee e 63
Y. Yang, Z. Xie, B. Xu, Q. Li, and T. Jiang

Gold Leaching from a Refractory Gold Concentrate by the Method of
Liquid ChIOTiNation .......cc.eeieieieriinienie ettt st 71
C. Li, H. Li, X. Yang, S. Wang, and L. Zhang

The Effects of Common Associated Sulfide Minerals on Thiosulfate
Leaching of GOld .....c..coeoiiiiiiiiiiiieeccer e 79
Y. Yang, X. Zhang, B. Xu, Q. Li, T. Jiang, and Y. Wang

v



Hydrometallurgical Extraction of Precious, Rare and Base Metals Using
an Oxidizing Acid Chloride Heap Leach..........ccoocooiiiiiiiiiiiieee e 87
D. Dreisinger, N. Verbaan, C. Forstner, and R. Fitch

Recovery of Platinum Group Metals Using Perovskite-Type Oxide................ 101
K. Nagai, H. Kumakura, S. Yanai, and T. Nagai

Research on Process of Hydrometallurgical Extracting Au, Ag, and Pd

from Decopperized Anode SHME.........cceecvieieiieiiiiiereeie e 107
Y. Yang, W. Yin, T. Jiang, B. Xu, and Q. Li

Rare Earth Metals

Status of Separation and Purification of Rare Earth Elements from
KOrean OT€ ........ccovuiiiiiiiiiiiiiiiccce e 117
J. Kim, H. Kim, M. Kim, J. Lee, and J. Kumar

Optimization of Rare Earth Leaching...........ccccccoovvveiiiiiiiniinieceeeee 127
G. Wallace, S. Dudley, W. Gleason, C. Young, L. Twidwell, J. Downey,
H. Huang, R. James, and E. Rosenberg

Numerical Simulation of the Mass Transfer for Rare-Earth Concentrate
1N Leaching PrOCESS ........ocoveiiieiieieeie ettt 135
T. Liu, Y. Sheng, T. Yang, B. Wang, L. Han, and Q. Liu

Apatite Concentrate, A Potential New Source of Rare Earth Elements........... 145
T. Sun, M. Kennedy, G. Tranell, and R. Aune

Rare Earth Elements Gallium and Yttrium Recovery from (KC)

Korean Red Mud Samples by Solvent Extraction and Heavy Metals

Removal/Stabilization by Carbonation ...........ccceecveeeieerciieeiieenciiesieenieesveeene 157
T. Thriveni, J. Kumar, C. Ramakrishna, Y. Jegal, and J. Ahn

Rare Earth Element Recovery and Resulting Modification of Resin

STTUCKULE. ... 169
S. Dudley, M. Chorney, W. Gleason, E. Rosenberg, L. Twidwell,
and C. Young

Ultra High Temperature Rare Earth Metal Extraction by Electrolysis ............ 177
B. Nakanishi, G. Lambotte, and A. Allanore

vi



Vanadium-Molybdenum-Tungsten

A Novel Technology of Vanadium Extraction from Stone Coal..................... 187
M. Wang, X. Wang, and B. Li

Mechanical Activation of Processing of Egyptian Wolframite ....................... 193
A. Abdel-Rehim and M. Bakr

Leaching of Vanadium from the Roasted Vanadium Slag with High
Calcium Content by Direct Roasting and Soda Leaching ...........ccccceveveneennnne 209
X Yan, B. Xie, L. Jiang, H. Guo, and H. Li

Solvent Extraction of Vanadium from Converter Slag Leach Solution
DY P204 REAZENE ......eoueiniiiiiiiiiiteieestee ettt 217
T. Zhang, Y. Zhang, G. Lv, Y. Liu, G. Zhang, and Z. Liu

Effect of Solution Compositions on Optimum Redox Potential in

Bioleaching of Chalcopyrite by Moderately Thermophilic Bacteria................ 225
H. Zhao, J. Wang, W. Qin, and G. Qiu

Poster Session

Research on Quality Improvement of Titanium Sponge by Process
(03] 501011221 5 (o) s WS RRPRRRROR 231
L. Li K. Li, Q. Miao, and C. Wang

Recovery of Rare Earth Elements from NdFeB Magnet Scraps by
Pyrometallurgical PrOCESSES .....ccvevveiieriieiiieieiiecieeie ettt 239

Y. Bian, S. Guo, K. Tang, L. Jiang, C. Lu, X. Lu, and W. Ding

Study on Electrolysis for Neodymium Metal Production..........c...ccccvevenennee. 249
G. Lee, S. Jo, C. Lee, H. Ryu, and J. Lee

Experimental Investigation of Recycling Rare Earth Metals from Waste

Fluorescent Lamp PhoSphors..........cocviiieiiirieiiecieceee e 253
P. Eduafo, M. Strauss, and B. Mishra

AUNOT INAEX ..ot eeaee e 261

SUDJECE INACK ..ottt et eaeas 263

vii



PREFACE

Rare Metal Technology 2015 is the second proceedings of the symposium on Rare
Metal Extraction & Processing initiated in 2014 and sponsored by the Hydrometallurgy
and Electrometallurgy Committee of the TMS Extraction and Processing Division.
The symposium has been organized to encompass the extraction of rare metals as
well as rare extraction processing techniques used in metal production.

The intent of the symposium is to cover discussions on the extraction of rare metals,
that is, less common metals or minor metals not covered by other TMS symposia. The
elements considered include antimony, bismuth, barium, beryllium, boron, calcium,
chromium, gallium, germanium, hafnium, indium, manganese, molybdenum,
platinum group metals, rare earth metals, rhenium, scandium, selenium, sodium,
strontium, tantalum, tellurium, tungsten, etc. These are rare metals of low-tonnage
sales compared to high-tonnage metals such as iron, copper, nickel, lead, tin, zinc,
or light metals such as aluminum, magnesium, or titanium and electronic metalloid
silicon. Rare processing included biometallurgy, hydrometallurgy, electrometallurgy,
as well as extraction of values from EAF dusts, and less common waste streams not
discussed in recycling symposia. Rare high temperature processes to be included
microwave heating, solar-thermal reaction synthesis, and cold crucible synthesis of
the rare metals and the design of extraction equipment used in these processes as well
as laboratory and pilot plant studies.

This proceedings volume covers about 15 rare metal elements and 15 rare earth
elements in 29 papers. The symposium is organized into four sessions encompassing
(1) rare metal process, (2) precious metals, (3) rare earth metals, and (4) V-Mo—W
(vanadium—molybdenum—tungsten). There is also a poster session. In addition, most
of the poster papers have the manuscripts included in the proceedings.

We acknowledge the efforts by the organizing and editing team consisting of Neale
R. Neelameggham, Shafiq Alam, Harald Oosterhof, Animesh Jha, David Dreisinger,
and Shijie Wang. We thank Bing Li who helped in the review process. In addition
to above six, we thank Takashi Nakamura, Tohoku University, Japan and Joon Soo
Kim, Chonnam National University, Gwangju, Korea who will form the session co-
chairs. Our thanks to Trudi Dunlap and Patricia Warren of TMS in assembling the
proceedings, and Matt Baker for facilitating the proceedings. We appreciate all the
authors who contributed to this proceedings as well as column reformatting which
was requested during the review.

Neale Neelameggham
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Neale R. Neelameggham is ‘The Guru’ [Professor] at IND
LLC, involved in Technology marketing and international
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chemicals (boron, magnesium, titanium, lithium, and
alkali metals), rare earth elements, battery and energy
technologies, etc. He has been a senior consultant for global
engineering companies on various metal and chemical
processes. In 2012 he was a visiting expert at Beihang
University of Aeronautics and Astronautics, Beijing, China
and was a plenary speaker at the recent Light Metals 2014
Conference in Pilanesberg, South Africa. Neale has been an advisor for several other
metal production and energy process and engineering firms.

Dr. Neelameggham has over 38 years of expertise in magnesium production
technology from the Great Salt Lake Brine in Utah, involved in process development of
its startup company NL Magnesium through to the present US Magnesium LLC from
where he retired in 2011. He was instrumental in most of the process and equipment
development of all areas of the plant from the raw material source — the Great Salt
Lake Brine to metal. In addition, Dr. Neelameggham’s expertise includes an in-depth
and detailed knowledge of all competing technologies worldwide of magnesium
production, both electrolytic and thermal processes, as well as alloy development.
He also has extensive knowledge of titanium chemicals and metal production. He
and his partners are promoting a thiometallurgical process—a new concept of using
sulfur as the reductant and or fuel—for magnesium and titanium production with
the least greenhouse gas emissions. His expertise in process development extends to
the development of a convective model for the global anthropogenic warming from
thermal emissions which is based on all energy conversions irrespective of whether
it is combustion conversion or from renewables.

Dr. Neelameggham holds 13 patents and patent applications on sustainable light
metal production. He has several technical papers to his credit. As a member of TMS,
AIChE, and a former member of American Ceramics Society he is well versed in
energy engineering, bio-fuels, rare-earth minerals and metal processing and related
processes. He has served in the Magnesium Committee of the TMS Light Metals
Division (LMD) since its inception in 2000, chaired itin 2005, and in 2007 he was made
a permanent co-organizer for the Magnesium Technology Symposium. He has been
a member of the Reactive Metals Committee, Recycling Committee, and Titanium
Committee, and a Programming Committee Representative for LMD. In 2008, LMD
and the Extraction and Processing Division created the Energy Committee following
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the CO, Reduction Metallurgy Symposium that Dr. Neelameggham initiated, and
he was the first chair of that committee. He has been a co-organizer of the Energy
Technology symposium each year since 2008.
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Committee, and he organized the Rare Metal Technology 2014 and 2015 symposia.
He is the co-editor of the Essential Readings in Magnesium Technology compendium
of TMS papers published in 2014. He is a co-editor of 2015 symposium on Drying,
Roasting and Calcining.

Dr. Neelameggham received the LMD Distinguished Service Award in 2010. He
holds a doctorate in extractive metallurgy from the University of Utah.
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Shafiq Alam is an associate professor at the University
of Saskatchewan, Canada. In 1998, he received his Ph.D.
degree in chemical engineering from Saga University, Japan.
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research fellow at the University of British Columbia and
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Science and Technology (AIST), Japan. Dr. Alam is highly experienced in the area
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over 120 publications in the area of extractive metallurgy. He is the co-editor of two
books and an associate editor of the International Journal of Mining, Materials and
Metallurgical Engineering (IJMMME).

Dr. Alam is a registered professional engineer and has worked on projects with many
different mining industries including Xstrata, Phelps Dodge, INCO, Barrick Gold
Corporation, Rambler Metals, and Anaconda Mining. He is an Executive Committee
Member of the Hydrometallurgy Section of the Metallurgy and Materials Society
(MetSoc) of CIM and currently he holds the office of secretary with MetSoc (2013-
2015). Dr. Alam is also the Vice-Chair of the Hydrometallurgy and Electrometallurgy
Committee of the Extraction and Processing Division (EPD) of TMS (2013-2015).
He is actively involved in organizing different international conferences, such as, the
Conference of Metallurgists (COM) in Canada; Ni-Co Symposium at TMS 2013 in
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INDUSTRIAL PRACTICE OF BIOHYDROMETALLURGY IN ZAMBIA

Jun Wangl’z*, Hongbo Zhaol’z*, Wengqing Qinl’z, Xueduan Liul’z, Guanzhou Qiul’2
(*School of Minerals Processing & Bioengineering, Central South University, Changsha
410083, Hunan, PR China;

?Key Lab of Biohydrometallurgy of Ministry of Education, Changsha 410083, Hunan, PR
China)

Keywords: Bio-hydrometallurgy; Industrial practice; Zambia

Abstract

Bio-hydrometallurgy technology was applied for the extraction of copper from the raw ores
of Chambishi Mine in Zambia. A copper extraction of 93.29% was obtained for small scale
column bioleaching within 63 days, while a copper extraction of 89.05% was achieved for
large scale column bioleaching in 90 days, thus confirming the amenability of the raw ores
for effective extraction via bioleaching. The bacteria were cultured in a 6-stage enlarge
cultivation. The bacterial cultures with cell concentration of more than 1x10% cells/mL were
added into a spray pond of sulfuric acid to be applied in the dump leaching, and a copper
extraction of about 50% was achieved within 2 months. The production report revealed that
the copper extraction increased by approximate 20%, and the acid consumption was reduced
to around 35% as a consequence of adding the bacteria. The industrial demonstration of the
bio-hydrometallurgy technique is now well established in Zambia, and further applications of
bio-hydrometallurgy in both Zambia and Congo are currently in progress.

1 Introduction

As the world demand for copper has been increasing consistently, the metal holds as an
important role in the modern industry. Currently, as high grade copper resources have or are
largely exploited, low grade copper ores remain. However, those copper ores of low grade are
difficult and costly processed by traditional technologies [1]. Bio-hydrometallurgy, as a
simple, efficient, low-cost and eco-friendly technology, has been widely applied in the
processing of low grade ores containing secondary oxides and sulfides [2-6]. Heap leaching
offers the advantages of simple equipment, low investment and low operation cost [7, 8].
Currently, more than 20% of copper is produced globally is achieved using hydrometallurgy
technology. The Kennecott copper company started the application of heap bioleaching of
copper sulfides in the 1950s, and obtained the first patent for bioleaching. The technology of
heap bioleaching-solvent extraction-electrowinning (SX-EW) was commercially applied in
the year of 1970, and the total copper production in Chile and the USA using SX-EW reached
greater than 2.1 Mt in 2001[9-12]. In China, the majority of the copper resources are of low
grade, which are difficult and costly to be processed by traditional technologies. The first
commercial heap bioleaching plant started commercial operation in the Dexing Copper Mine
by the end of 1997, which was followed by the establishment of heap bioleaching plant in the
Zijin Mine in 2001[13]. Zambia, especially the Chambishi district has abundant copper
resources. The reserve of copper is more than 7 million tons. Therefore, the application of

" Corresponding author1: Jun Wang, associated professor. Email: , Tel: 86-731-88876557
* Corresponding author2: Hongbo Zhao, PhD. Email: Tel: 86-731-88876557



bio-hydrometallurgy in Zambia can contribute to the increase of copper production and
efficient utilization of copper resources.
2 Materials and methods

2.1 Bacteria and culture conditions

Bacteria were obtained from the Key Lab of Biohydrometallurgy of Ministry of
Education, Central South University, Changsha, China. Bacteria were cultured in 250 mL
shake flasks in an orbital incubator with a stirring speed of 170 r/min and temperature of
30°C. The 9K medium used for cell cultivation consisted of the following compositions:
(NH4)2S04 (3.0 g/L), MgSO,4-7H,0 (0.5 g/L), K,HPO, (0.5 g/L), KC1 (0.1 g/L) and Ca(NO3),
(0.01 g/L). All the bacterial cultures were sub-cultured into a basal salts medium
supplemented with ferrous sulfate (FeSO,4) and raw ores as the energy source. The resulting
culture was used as inoculums for the enlarge cultivation.

2.2 Bioleaching experiments

Small scale bioleaching experiments were carried out in 250 mL shake flasks in an
orbital incubator with a stirring speed of 170 r/min and temperature of 30°C. The equipment
used in column bioleaching is shown in Fig. 1, and the technological process of heap
bioleaching is shown in Fig. 2. The concentrations of metal ions were analyzed by
inductively coupled plasma-atomic emission spectrometer (ICP-AES) (America Baird Co.
PS-6).The pH values were measured with a pH meter (PHSJ-4A).

3 .

1Charging port bg S
2Water inlet
3Water outlet

1 | 4Air outlet

5Leaching column

Fig. 1 Diagrammatic drawing of the small size column bioleaching system (a) and Photo of
the small size column bioleaching system (b).
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Fig.2 Diagrammatic drawing for the technological process of heap bioleaching.



3 Results and discussions

3.1 Analysis of raw ores
Table 1 shows the grade of Cu was 2.07%, while that of Co and Ni were 0.03% and
0.0035%, respectively. Hence, copper was the main valuable element of the raw ores. In
addition, the percentages of CaO and MgO were low, and the main gangue mineral was SiO»,
with a content of 58.32%. Therefore, the sample should be amenable to bioleaching.
Table 1 Chemical elements analysis of copper ores of Chambishi/%.

Fe FeO SiO, AL O3 CaO MgO  MnO K,0
4.07 1.08 58.32 9.21 1.12 3.44 0.09 7.36
Na,O Cu Co Ni S Pb Zn Na,O

0.20 2.07 0.03 0.0035 0.40  0.0010 0.0085 0.20
The compositions of the various copper phases shown in Table 2 indicate that 50% of
the copper was distributed in free copper oxides, combined copper oxides account for 23.67%,
and copper sulfides account for about 25.12%, of which were mainly chalcopyrite and
bornite.

Table 2 Copper phase analysis of copper ores from Chambishi/%.

phase AsCu HFCu Primary Secondary Total
Grade 1.06 0.49 0.475 0.045 2.07
Distribution 51.21 23.67 22.95 2.17 100

*AsCu is free copper oxide, HFCu is combined copper oxide.

3.2 Leachability experiments of raw ores
Leachability experiments were conducted in the self-made stirred tanks as shown in Fig.
3, and the results are shown in Fig.4. It illustrates that the copper extraction of 75.02% can
be obtained by acid leaching, and 97.43% was achieved by using bioleaching after 2 days,
thus confirming that bioleaching can be used to effectively recover copper from the raw
ores.




Fig. 3 Self-made stirred tanks: Stirring paddle (a), vertical view (b), front view (c), and
operation (d).

2% 100
75 b e
I I ' 0} —
.
T/ /./
g S
& 6s5) ,l/ %80' _/.
E / N g
£ 60 7 208
o » .
- [}
551 Sk
= 2 60
Ss0f g
sl S0
40 1 1 1 1

0 40 80 120 160 200 20 2 0 50 1000 1500 2000 2500 3000
Time/min Time/min
Fig. 4 Copper extractions from the leaching of raw ores: Acid leaching (a) and bacterial
leaching (b).
3.3 Column bioleaching of raw ores
Column bioleaching experiments were carried out in the equipment shown in Fig. 1. The
results obtained from the small scale column bioleaching and large scale column bioleaching
are shown in Table 3 and Fig. 5, respectively. A copper extraction of 93.29% was achieved
after small scale bioleaching for 63 days, and 89.05% was obtained after large scale
bioleaching for 90 days. Therefore, copper can be effectively extracted from the raw ores by

column bioleaching, and the industrial practice of heap bioleaching can most likely be further
implemented.

Table 3 Chemical elements analysis of the residues from the small scale column bioleaching.
Grade (raw ores)/% Grade (residues)/% Results

m (raw ores)/’kg . m Cu
(residues)/kg c c traction/%
u u extraction/%
18.56 2.07 0.139 93.29
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Fig. 5 Copper extraction for large scale bioleaching of raw ores.
3.4 Heap bioleaching

The bacteria were cultured in 6-stage enlarge cultivation using 250 mL-shake flasks, a
10 L-agitator, a 70 L-agitator, a 2 m’-stirred tank, a 28 m’-stirred tank and a 150 m>-stirred
tank. The corresponding enlarge cultivation process is shown in Fig. 6, and the corresponding
cell concentrations of each stage are shown in Table 4. The bacterial cultures with cell
concentrations of more than 1x10® cell/mL were incorporated into the spray pond of sulfuric
acid to be applied in the dump leaching.



Table 4 The cell concentration of each stage during the 6-stage enlarge cultivation.

Stage 1 2 3 4 5 6

concentrations  5x10°  5x10%  2x10® 2x108 1x108 1x108

The 200 t and 600,000 t heap bioleaching experiments are shown in Fig. 7. A copper
extraction of about 50% was achieved in 2 months. Information from the production report
shown in Table 5 reveals that the copper extraction increased to about 20%, and the acid
consumption reduced to approximate 35% as a result of the addition of bacteria.

Based on the successful industrial practice of bio-hydrometallurgy in Chambishi, the
industrialization demonstration base of bio-hydrometallurgy was established in Zambia, and
further applications of bio-hydrometallurgy in Luansha and Congo are currently in progress.



Fig. 7 Heap bioleaching in Chambishi: 200 t heap bioleaching (a) and 600,000 t heap
bioleaching (b).

Table 5 Comparison of sulfur acid leaching and bioleaching processes.

Process parameters Sulfur acid leaching Bioleaching
Grade / % >1.6% >0.5%
Leaching Time 4-8h 120d
Acid concentration (g/L) 30-40 10
Bacteria — Mixed culture
Cu** concentration/(g/L) 4-8 4-6
Cu extraction/% 65-70% 85-90%
Acid consumption 4.88t 2.18t
pH of Leaching solution 1.4-1.6 1.8-2.1
Production 6000 t >10000 t
Production cost 3344 dollars 2150dollars

4 Conclusions

Bio-hydrometallurgy technology was applied in the extraction of copper from the raw
ores of Chambishi in Zambia. It was proven that the raw ores could be effectively extracted
by bioleaching in the lab. The bacteria were cultured in a 6-stage enlarge cultivation through
a 250 mL-shake flasks, 10 L-agitator, 70 L-agitator, 2 M3-stirred tank, 28 M 3_stirred tank and
a 150 M *-stirred tank. The final bacterial cultures were added into a spray pond of sulfuric
acid to be applied in the dump leaching, and a copper extraction of about 50% was achieved
in 2 months. The obtained copper extraction increased by approximate 20%, and the acid
consumption reduced to about 35% due to the addition of bacteria. Based on the successful
industrial practice of bio-hydrometallurgy in Chambishi, the industrialization demonstration



base for bio-hydrometallurgy was established in Zambia, and further applications of
bio-hydrometallurgy in Zambia and Congo are currently in progress.
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Abstract: The gold ore of Shandong Gold Mining (Xinhui) was a refractory ore, which contained
multi metallic sulfides (ZnS and PbS etc.) and carbonaceous. The gold ore concentrate came into
leaching process and thickener and zinc replacement to recover gold. In order to improve gold
recovery, the GOLDOX™ hydrometallurgy process was studied in Shandong Gold (Xinhui) by
bench scale and 6 month plant scale test supported by Linde Gas. It was shown that the process
promoted the leaching kinetics and improved gold recovery. The residue grade reduced 0.22 g/t in
average after oxygen was applied. This indicates an operating profit increase 850,000 yuan/a in
the plant. It was setting a good example for similar gold mine plant and would promote the
oxygen application in Chinese gold mining industry.
Keywords: industrial oxygen, leaching kinetics, gold recovery, refractory ore

1. Introduction

The chemistry of gold cyanidation was studied in 1846 by Elsner. Almost 100 years after Elsner’s
recognition of the usefulness of oxygen in the cyanidation of gold, Boonstra discovered that the
dissolution of gold in cyanide solutions was similar to the process of metal corrosion, where dissolved
oxygen was reduced to H,O, or OH". It was evident that for the reaction to proceed, both cyanide
and oxygen must be present. The dissolved oxygen level was critical for the gold leaching process.

Some variables were affected by the addition of oxygen, for example, the required
leaching time and cyanide consumption. But, some variables in the gold leaching process
were unaffected by the addition of oxygen. For example, the pH value and relative density of

pulp and the particle size distribution. However, when it comes to the chemistry of gold
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dissolution, oxygen comes into its own. Oxygen enhances the chemistry of gold dissolution,
resulting in reduced reagent consumption, improved residence time, greater throughput and
ultimately higher gold recoveries. In the gold mining context, oxygen is a relatively
inexpensive commodity with untold potential. Its successful application in the process can
hold considerable potential for the plant.

Linde Gases developed the GOLDOX™ hydrometallurgy process which involves the
application of pure oxygen to stoichiometrically complete the gold leaching reaction. The
process promotes kinetics of gold leaching, reduces cyanide consumption and improves
recovery. Linde Gas developed technology which can help determine oxygen rates and
injection methods to optimize gold recovery. GOLDOX has come about as a result of an
industry requirement to improve gold production efficiency in metallurgical plants, thereby
reducing production costs. Linde Gas South Africa, also known as AFROX, pioneered the
application of adding pure oxygen to Rand Mine Crown leaching circuits in 1984. The
GOLDOX™ process has since then been accepted worldwide. GOLDOX™ hydrometallurgy
process is widely used by gold mines in Australia, South Africa and Malaysia.

The gold ore from Shandong Gold Mining (Xin-hui) was of a refractory ore which
contained multi metallic sulfides (such as ZnS and PbS etc.) and carbonaceous. The gold ore
concentrate goes into the leaching process followed by the thickener and zinc replacement
stage to recovery gold. The deleterious effects of carbonaceous materials preg-robbing the
dissolved gold in the pulp are well known. Carbonaceous material can reduce the gold
recovery by restricting the release of gold from the carbonaceous matrix, or by absorbing
dissolved gold from the leaching liquor. The treatment of these ores involves roasting, the
addition of kerosene or heavy oils, floatation and aqueous chlorination. In the past years, a
few methods were applied to improve the gold recovery, such as agent addition, increased

pulp R.D. etc. In order to further improve gold recovery, GOLDOX™ hydrometallurgy
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process was studied at Shandong Gold (Xinhui) by bench scale and plant scale testing
supported by Linde Gas in 2013.

2. Bench scale test result

2.1 Material and methods

Elemental analysis result of gold ore concentrate was listed in Table 1. In order to
compare the gold recovery by normal air with oxygen in leaching process, bench scale test
was done in lab of Shandong Gold (Xinhui) in September 2012. The sample was gold ore
concentrate after floatation in the operating line of the plant. Every sample was 500 g gold ore
concentrate, which was ball mill ground, 8 minute before bottle rolling.

Table 1: Elemental analysis of different samples of gold ore concentrate

samples Au(g/t) Zn (%) Pb (%) Fe (%)
1 31.96 12.27 11.45 0.91
2 32.65 12.53 12.05 1.02
3 39.60 16.64 14.66 0.83

Cyanide consumption was controlled at 5.0 ~ 6.0 x10~, pH value control at 11 ~ 13,
respectively, and leaching time was chosen 4 h, 12 h, 24 h. Each experiment was repeated
twice, and the experimental results were averaged. Oxygen was supplied by oxygen cylinder.

2.2 Result and discussions

Figure 1 and Table 2 show the comparison of gold recovery by oxygen and air used in
leaching process. It was found that dissolved oxygen (DO) level was 0.45 ~ 1.72 mg/I in the air bottle,
much lower than saturation concentration of dissolved oxygen 8.2 mg/l. This may be due to the
associated gold concentrate iron, zinc, lead sulfide ore, and lead to consume a lot of oxygen in the
leaching bottle. DO level was greater than 20 mg/1 in the bottle with oxygen injection. There was only
a small amount of foam during the test when oxygen was injected into the bottle and DO reached
greater than 20 mg/l. Each experiment was repeated twice, each sample was analyzed more than 3

times. The results were averaged.
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Fig.1: Compared oxygen with air in bottle roll leaching

Table 2: Result of application of oxygen and air in bottle roll leaching

Sample No. Circle time Ore grade Residue grade Gold reocvery
(h) (Au,g/t) (Au,g/t) (%)
1-1 4 (oxygen) 31.96 1.74 94.56
1-2 4 (air) 32.65 8.40 74.27
2-1 12 (oxygen) 34.04 1.20 96.47
2-2 12 (air) 31.26 4.00 87.20
3-1 24 (oxygen) 42.10 1.15 97.27
3-2 24 (air) 39.60 2.77 93.01

From the result, three conclusions can be drawn. Oxygen can significantly promote gold
leaching kinetics, shorten the leaching time. Oxygen injection can improve the leaching rate
of gold in the same period. There was no big foam issue, which was a serious issue when air
is injected in to the pulp.

The results showed that GOLDOX™ hydrometallurgical process is feasible for Shandong
Gold (Xinhui), which can significantly improve the leaching rate of gold. Plant residue bottle
roll test results also show that there was a certain amount of cyanide gold in the cyanide
residue. It was planned to start up GOLDOX ™ oxygen leaching plant scale tests in

Shandong Gold (Xinhui).
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3. Plant scale test result

3.1 Material and methods

Oxygen was supplied as liquid oxygen (LOX). Linde was responsible to build a liquid
oxygen station near the leaching workshop in Shandong Gold (Xinhui). It was stored in a
liquid oxygen tank, whose size was 30 m®, with a set of vaporizers. LOX was transported and
charged by liquid oxygen truck. Oxygen was fed to the leaching tank via newly built stainless
steel piping and flow control panel. The oxygen application system was shown in Fig. 2. The

air compressor was stopped operating and all air piping was removed form leaching tanks.

| "

LOX tank Flow
and control Leaching
vaporizer panel tank

Fig.2: GOLDOX hydrometallurgy process supply system

3.2 Results and discussions

Half year trial was started in July 2013. The results are listed in Table 3, after
GOLDOX™ hydrometallurgy process was implemented. It was compared with the same
period in 2012 by leaching with normal air injection.

Table 3: Trail result in second half of 2013 compared with same period in the past

Month in the year Residue grade (Au, %)
2012 2013
July 1.66 1.29
August 1.91 1.59
September 1.99 2.08
October 1.84 1.73
November 1.85 1.75
December 2.19 1.70
In average 1.91 1.69
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It was found that the residue grade was decreased by 0.22 g/t from July to December 2013
in average compared to the same period in 2012. Plant produced residue of 24,000 t/a, gold
price was chosen to 240 yuan/g as calculated, gold recovery was 99% in the follow-up
process. The profit increment due to gold recovery improvement by GOLDOX™ application
was about 1.25 million yuan (24,000 t * 0.22 g/ t * 99% * 240 yuan/g = 125 million). The
oxygen related cost was about 400,000 yuan/a. So, annual profit was increased 850,000 yuan
in Shandong Gold (Xinhui) by GOLDOX™ hydrometallurgy process application.

4. Conclusions

Oxygen was a highly reactive industrial gas that promotes the leaching of gold from ores
by enhancing the cyanide reactions with the slurry. Therefore, oxygen could be used to
improve the leaching efficiency and increase gold recovery.

The GOLDOX™ hydrometallurgy process was successfully launched in Shandong Gold
Mining (Xinhui) Co. Ltd., after a bench scale test and a 6-month plant scale test. It was setting
a good example for similar gold mine plant and would promote the oxygen application in
Chinese gold mining industry.
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Abstract

Electrochemical methods including cyclic voltammograms, square wave voltammograms,
chronopotentiometry are applied to characterize the reduction potentials of Na” and Li" ions
in LiCl-KCI melts. According to theoretical calculation, the reduction potential for Na" is
slightly more negative than Li" in NaCI-LiCI-KCl melts at 450°C. However, by
electrochemical measurements, the reduction potential of Na'is slightly more positive than
Li"in the above melt and the potential difference between Na' and Li' reaches 0.16-0.2V on
an inert W electrode in 1.0-2.0 wt% NaCl-LiCI-KCl melts. An active Pb electrode is used to
improve the removal rate of Na* from LiCl-KCl melts.

The reduction potentials for both Na' ions and Li" ions on a Pb electrode shift to more
positive values and the reduction currents become larger. After 6h electrolysis on a Pb
electrode at -3.0V, the practical removal efficiency of Na' ions reaches 90.12% and the
reduced products contain metallic Na and Li with a Na/Li mass ratio of 4.25/1.

1. Introduction

Currently, metallic lithium produced from LiCI-KCl molten salts electrolysis usually
possesses a purity of about 98-99 wt% with about 0.1-0.8 wt% metallic Na, 1.0 wt% metallic
K, 0.03 wt% metallic Al and 0.01-0.05 wt% metallic Ca [1]. These impurities mainly come
from NaCl, KCI, AICl; and CaCl, existing in the LiCl and KCl raw materials. In industry,
traditional vacuum-distillation methods are applied in order to improve the purity of
metallic lithium from 98.5 wt% to 99.9 wt%. This process is rather expensive due to both
high energy consumption and serious corrosion of the reactor [2-4].

Electrochemical methods are relatively simple and can be carried out prior to the
electrowinning of Li from LiCI-KCl melts. In our previous researches [5-6], an
electrochemical method was employed to investigate the possibility of removing Ca*" and
AP** ions from CaCl,-LiCI-KCl melts and AlCI;-LiCI-KCI melts, respectively prior to Li* ions
reduction.

The potential difference between the impurity ions and Li" ions has a significant effect on the
capability of removing of the impurity ions from LiCI-KCl melts upon application of the
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electrochemical method. According to Bard [7], at least a 0.2 V potential difference between
the two species is required to achieve a total electroseparation.

According to table 1, only the theoretical potential difference between AI*" and Li" ions is
about 1.7V-1.8V larger than 0.2V, while the other theoretical potential difference between K,
or Na" or Ca®" ions and Li" ions in chloride melts are less than +0.2V in the temperature range
0f400°C-800°C.

Table 1 Theoretical decomposition voltage
Chlorid | 400°C( | 500°C( | 600°C( | 800°C(
es V) V) V) V)
KCl 3.854 3.755 3.658 3.441
LiCl 3.722 3.646 3.571 3.457
NaCl 3.615 3.519 3.424 3.240
CaCl, | 3.607 3.534 3.462 3.323
AICl; 1.91 1.86 1.81 1.71

Liquid Zn electrodes can effectively remove impurity Al** from KCI-LiCI-AICl; melts. After
10 hours of electrolysis, the removal efficiency of AI*" on a liquid Zn cathode reaches 99.90
wt %. The cathode product is composed of Zn 67.80 wt% and Al 32.20 wt% without metallic
Li [6].

In comparison to the tungsten electrode, liquid tin (Sn) electrodes have significantly increased
the removal rate and removal efficiency of the Ca*"ions in CaCl, (2.0wt%)-LiCl-KC] melts.
Under stirring, 94.66 wt% Ca®" ions are electrochemically removed at the Sn electrode for 6.0
h electrolysis, and the reduced product on the Sn electrode contains metallic Li and Ca with a
Li/Ca mass ratio of 1/6. Obviously, during electrochemically removing Ca>* ions, a certain
amount of Li" ions are inevitably reduced with Ca®" together. Of course, it is acceptable that a
certain amount of Li" ions are consumed together with impurities with less than 2 wt%
concentration.

According to tablel, the reduction potential for Na* ions is more close to that of Li"ions, the
reduction potential difference between them is less than 0.2V. So in this paper, an active
electrode Pb is selected as the working electrode to explore the electrochemically removal
efficiency of Na' ions from LiCI-KCl melts with 1wt% to 2wt% NaCl.

2. Experimental

The chemicals used in the experiments include LiCl, KCI (both from Alfa Aesar Co. Ltd.,
AR,>99 wt%) and NaCl (AR, >99 wt%). The procedures for preparation and purification of
the melts are referred to our previous work [5]. The mixture of LiCl-KCl was dried under
vacuum for 4h at 523K to remove water, then melted in an alumina crucible placed in a
stainless steel cell located in an electric furnace. The temperature was measured with a
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nickel-chromium thermocouple sheathed by an alumina tube. Na' ions are introduced into the
bath in the form of dehydrated NaCl powder.

The electrochemical measurement method, the working electrode, counter electrode and
reference electrode are the same as that described as our previous researches [S]. In the
electrolysis, liquid Pb is employed as the cathode and a pure graphite rod as the anode, a
silver wire dipped into LiCl-KCI-AgCl melts contained in a porcelain tube was used as the
reference electrode. All the potentials discussed in this paper will be measured with respect to
C1 /Cl,. The analysis method for the cathode products and the melts remain the same as stated
in the literature [5].After electrolysis, the cathode products were analyzed by energy
dispersive spectrometer and the content of Na" and Li" ions in the melts and in the cathodic
products were analyzed by inductively coupled plasma-atomic emission spectrometry.

3. Results and discussion

3.1 The potential difference between Na'and Li* ions

According to Eq.(1) to Eq.(5), the theoretical potential difference between Na'and Li" ions is
-0.05V at 723K and -0.095V at 953K, implying a more negative reduction potential for Na"
ions than Li" ions. Therefore, based on the results, it is impossible to remove Na' ions prior to
Li" ions reduction using electrochemical method.

Li*+Na— Li+ Na" (1)

AGr = AGﬁ +E|HM (2)
Aynact

AG® = nFAE 3)

AE,,, =—0.050V )

AE,,, =—0.095 )

In fact, as the NaCl concentration increases to the same as LiCl in KCI-LiCl melts, such as
18mol%, the potential difference between Na“ and Li" ions at 450°C is 0.3V according to the
cyclic voltammograms (CV) results on a W electrode , as shown in Fig.1. Obviously, this
value deviates from the results of previous calculation possibly as a result of ionic interactions.
Therefore, according to Bard [7], the potential difference larger than 0.2V has provided the
possibility of complete separation of Na“and Li" by the electrochemical method.

But as the NaCl concentration decreases below 2.0wt% (far less than LiCl concentration in
KCI-LiCl melts), it becomes necessary to obtain the reduction potential difference between
Na' and Li'. Fig.2 shows the CVs recorded on a W electrode in LiCI-KCI-NaCl (1.0wt %)
melts. The reduction peaks I and I, are attributed to Na* ions and Li' ions reduction,
respectively. So according to CV results, the reduction potential difference between Na" and
Li" ions is about 0.085-0.096V. The chronopotentiograms at different current densities on a
W electrode in LiCl-KCI-NaCl (2.0 wt%) melts at 450°C are shown in Fig.3. As the current
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density is 0.09A c¢m?, a potential plateau at about -3.34V in LiCI-KCI-NaCl (2.0 wt %) melts
is caused by Na" ions reduction. As the current density increases to -0.12A cm™, two potential
plateaus occur. When the current density is further increased until to approximately 0.61
Acm?, two potential plateaus at about -3.40V and -3.60V are evident, which correspond to
Na’ and Li" ions reduction. Though the transition time for the plateaus changes with the
applied current density, the potential difference between Na“ and Li" ions almost remains
unchanged at the value of about 0.16-0.2V.

As liquid Pb is used as the working electrode, a pronounced reduction current A starting at
about -2.4V and reduction current D starting at about -3.0V are associated with Na" ions and
Li"ions reduction in Fig.4. The reduction potentials for both of Na* ions and Li" ions on the
Pb electrode shift to increasingly more positive values and the reduction currents become
larger. But it is hard to distinguish the starting reduction current for Na* ions and Li" ions as
well as their reduction potential difference.
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Fig.1 Typical cyclic voltammograms recorded on a tungsten electrode in KCl (64 mol%)-LiCl
(18 mol%)-NaCl (18 mol%) with the scan rate 0.1Vs™ at 450°C.WE:0.165cm?; CE: Graphite;
RE: Ag/AgCl
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Fig.2 Cyclic voltammograms on tungsten electrode in KCI-LiCl-NaCl (1.0 wt%) melts at
450°C with various scan rates. WE: 0.165cm’; CE: Graphite; RE: Ag/AgCl
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Fig.3 Chronopotentiograms obtained at different current densities on a tungsten electrode in
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Fig.4 CVs recorded on a Pb electrode in LiCl-KCI-NaCl (2.0 wt%) melts at 953K ,scan rate:
50mV/s, WE:0.283cm?; CE: Graphite; RE: Ag/AgCl

3.2 Potentiostatic electrolysis

Potentiostatic electrolysis on a liquid Pb electrode at various potentials has been carried out in
order to characterize the extent of removal for Na' ions from LiCl-KCI-NaCl (2.0wt%) melts,
as shown in Fig.5. Clearly, as the applied potential changes from -2.6V to -3.0V, the
consumed electrical charge increases from 2571C to 3740C. According to the consumed
electrical charge, the theoretical removal efficiencies for Na' ions after 3h potentiostatic
electrolysis are 69.55wt% (-2.6V),79.99 wt% (-2.8V) and 101.17 wt% (-3.0V), respectively.
But the practical removal efficencies for the Na* ions based on the cathode products analyzed
by ICP-AES are 47.67wt% (-2.6V), 68.32wt% (-2.8V),75.71wt% (-3.0V), respectively. The
mass ratios of reduced metallic Na and Li in the cathode products are 78.5/1(-2.6),
62.5/1(-2.8V), 9.74/1(-3.0V), respectively in Fig.5. The results imply that the main reduction
species is Na" ions at -2.6V, and more Li" ions are reduced in the Pb electrode at the potential
of -3.0V.

Further extending the electrolysis time to 6h on the Pb electrode at -3.0V, the theoretical
removal efficiency for Na® ions increases from 101.17wt% to 160.18wt% and the practical
removal efficiency increases from 75.71wt% to 90.12wt%. The Na/Li mass ratio in the
cathode product is reduced to 4.25/1.
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4. Conclusions

(1) According to the theoretical calculations, the reduction potential for the Na' is slightly
more negative than Li’in NaCI-LiCI-KCI melts at 450°C. However, using electrochemical
measurements, the potential difference between Na® and Li" ions at 450°C is 0.3V in
KCI-LiCl (18mol%)-NaCl (18mol%) melts, and the reduction potential of Na'is slightly
more positive than Li" and the potential difference between Na* and Li" reaches 0.16-0.2V in
1.0-2.0wt% NaCl-LiCl-KCl melts.

(2) The reduction potentials for Na"ions and Li* ions on a Pb electrode both shift to more
positive values and the reduction currents become increased. The practical removal efficiency
for Na* ions after 3h potentiostatic electrolysis in LiCI-KCI-NaCl(2.0wt%) melts increases
from 47.67wt% to 75.71wt% as the applied potential shifts from -2.6V to -3.0V. The
Li/Na/mass ratio in the cathode product has increased from1 /78.5/to 1/9.74/.

(3) After 6h of electrolysis on a Pb electrode at -3.0V, the practical removal extent of Na"
ions is 90.12wt% with a Li/Na mass ratio of 1/4.25.
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Abstract

Beryllium, like many other reactive metals, is extracted from a halide (generally BeF,) using
magnesiothermic reduction, also known as the Kroll process. The beryllium is produced in a molten
state, which when solidified resemble "pebbles". Although beryllium is used in limited quantities
compared to other metals (< 100 Mt/annual), it is a critical material for the nuclear, defense/aerospace,
and large science markets because of its unique nuclear and mechanical properties. Beryllium
processing has unique environmental, health, and safety concerns which must be handled appropriately
in the 21* century from a worker and environmental safety perspective, and must be designed with this
first in mind.

In 2011, Materion began operations of its new Kroll plant — informally known as the “Pebbles Plant” -
in Elmore, Ohio. The plant was majority funded by a U.S. Department of Defense Production Act
(DPA) Title III grant, which is a unique government/industry partnership program to, "create assured,
affordable, and commercially viable production capabilities and capacities for items essential for
national defense." After a twelve year hiatus from primary beryllium production, Materion has
reentered its extraction business and has relearned how to make pebbles. The purpose of this
presentation is to give an overview on beryllium extraction and discuss some of the unique aspects of
building and operating a safe beryllium facility during the production scale-up phase.

Introduction

Beryllium is one of the lightest metals used in engineered applications. Being the 4™ element in the
periodic table it has an atomic weight of 9.01 g and a density of only 1.82 g/cm®, yet its melting point is
1287°C. Thanks to beryllium’s high Young’s Modulus — specific stiffness 6X of steel and 7X titanium —
it has been used in electro-optical systems such as gimbal yokes, mirrors, benches and other
components. Beryllium also has very unique nuclear properties that make it an ideal thermal neutron
moderator and reflector. As such, this metal is used extensively in materials [nuclear] test reactors and
radioisotope reactors. Beryllium is very unique in terms of thermal conductivity and heat capacity — both
are very high when compared to other elements and materials. Because of this, it has found use in
applications where heat dissipation is a must combined with low weight (i.e. aerospace and avionics
systems). Beryllium is transparent to x-rays and thus it is the material of choice for use as windows in x-
ray sources such as the ones used in the medical industry. More recently, beryllium is playing a key role
in p-type semiconductors by outperforming carbon doped equivalents. These semiconductors that utilize
beryllium are typically produced by molecular beam epitaxy or MBE. High-end acoustic speakers used
by professional studios, bands and theaters also benefit from the properties of beryllium domes where
very crisp sounds are achieved in a broad frequency range [1].
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Figure 1 — Beryllium rﬁ=irr0rs for the James Webb Space Telescope (JWST. Crdits: NASA.

Compounds and alloys of beryllium have also found advance uses. For instance, aluminum-beryllium
was developed to enhance the stiffness of aluminum while reducing its weight, yet diminishing the
brittleness which is characteristic of pure beryllium. This metal-metal composite material has typically
been fabricated either by powder metallurgy techniques or by casting. Beryllium is also found in many
different “bulk metallic glasses” or BMGs, where it plays a critical role in maintaining the amorphous
state of the alloy even when the cooling rate from the liquid state is not extreme. For example, Vitreloy
1b utilizes 3.8 wt% Be making it one of the most robust Zr-based BMGs available today [1].

Despite the controversy that exists around the safe use of beryllium metal and its compounds, these
materials have made and continue to make possible the development of numerous advanced
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technologies. Beryllium made it possible for humans to reach space, to develop nuclear energy, produce
most of the medical isotopes used for cancer treatment, and develop alloys for the 21* century. Giant
leaps have been made in the safe handling of beryllium to ensure the health and safety of workers that
process this material.

Figure 3 — Beryllium speaker domes. Credits: Materion

Early Extraction Methods

Beryllium — once known as “glucinium” — was first extracted into the form of an oxide from beryl
minerals in 1798 by Vauquelin. Beryllium metal was later extracted from its chloride using potassium
by Wohler and Bussy in 1828. Many attempts were made to extract beryllium electrolytically, being
Lebeau’s experiments the most notable. In 1898 he prepared an electrolyte of beryllium fluoride and
sodium fluoride, and proved that beryllium metal could in fact be extracted. It was not until 1913 that
Flitcher obtained a significantly purer beryllium and in larger quantities using Lebeau’s process [1].

Many methods have been developed to produce metallic beryllium, but most required either non-
existing engineered materials or were simply not economically feasible. The most logical approach used
early on was to start with beryllium oxide (BeO) and perform metallothermic reductions. Because of the
thermodynamic stability of BeO, not many candidates exist that can reduce it. For instance, zirconium
and yttrium could in theory be used for the reduction of BeO, but the economics and the formation of
beryllides do not allow their use. Using carbon as a reducing agent is also a logical approach, but
thermodynamically the formation of beryllium carbide (Be,C) is favored. Despite this, the use of carbon
along with copper metal enhances the back reaction of the carbide phase into beryllium which dissolves
in the copper [2].

Early on, calciothermic reduction of beryllium oxide was heavily studied. It was not only a non-
economical approach to use calcium metal, but also the formation of calcium beryllides seemed to upset
the process. In the same way, the Hunter process that utilizes gaseous sodium metal has been tried, but is
not economical in large quantities.
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The Kroll Process

William Justin Kroll was a metallurgist from Luxemburg who invented a process to extract titanium
metal from ores using an intermediate halide phase and magnesium metal as the reducing agent. He later
applied the same method to the extraction of zirconium. The “Kroll Process” as it is known is the main
method used around the world for the production of titanium, zirconium and some rare earth metals.

In the Kroll Process, the metal halide — typically a chloride — is produced from the titanium or zirconium
oxide by carbothermic reduction and in the presence of the halide gas, and purified by distillation. The
metal halide gas is then passed through molten magnesium metal which then produces a mixture of solid
metal (titanium or zirconium) and liquid magnesium chloride. The resulting “sponge” titanium or
zirconium has entrapped magnesium chloride that is subsequently removed by a combination of
leaching and vacuum distillation. The sponge metal is crushed and compacted into large electrodes
which are vacuum arc remelted (VAR) producing solid slabs or rods of the pure metal.

Figure 4 — Examples of aluminum-beryllium castings showing the intricate shapes and features possible.
Credits: Materion.

The Modified Kroll Process for Beryllium Extraction
As mentioned earlier, the beryllium oxide itself is troublesome to reduce into a pure metal. Using the
same principles as in the Kroll Process, a reduction of beryllium halide with magnesium should be

possible. In fact, as shown in figure 5, the thermodynamic stability of beryllium fluoride and chloride is
lower than that of the magnesium halide.
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Figure 5 — Ellingham diagram of beryllium fluoride and oxide as it compares to other metals like
calcium and magnesium.

A technique that derived from this modified Kroll Process, that does not use magnesium for the
reduction but does start with a beryllium chloride, is known as the Pechiney Process. In this case, a
beryllium chloride (BeCl,) is produced by mixing beryllium hydroxide with a carbonaceous material
and forming briquettes which are then treated in a chlorine gas atmosphere at elevated temperatures (700
to 800°C). This beryllium chloride is distilled and purified which becomes the input material for an
electrolysis process. An electrolyte is made by adding sodium chloride to the beryllium chloride and the
electrolysis is performed at around 350°C. The end product is a “flaky” beryllium that is intimately
mixed with the electrolyte, which requires subsequent leaching and washing steps to obtain the pure
beryllium. This technique was used commercially for many years by the Pechiney Co. of France [3].

An alternative to the beryllium chloride is the beryllium fluoride (BeF,). Like in the Kroll Process,
beryllium fluoride is reduced with magnesium metal producing beryllium metal and magnesium fluoride
as a by-product. Contrary to the actual Kroll Process, the beryllium fluoride is not a gaseous state but
rather co-melted with magnesium. For this reason, the beryllium produced in this process has the
characteristic “pebble” like morphology which is indicative of surface tension differences with the
magnesium fluoride.

The Materion Beryllium Extraction Process

For more than 70 years Materion (known then as the Brush Beryllium Company) has used the modified
Kroll Process for the purification and extraction of beryllium. The process starts with beryllium
hydroxide (Be(OH),) which is produced by the company in the mining facility in Delta, Utah. This
beryllium hydroxide is produced with bertrandite ore from the mine and beryl ores that are brought in
from different sources. This hydroxide undergoes three major steps [3]:
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Figure 6 — Flow chart of the beryllium extraction process using the modified Kroll Process [2].

- Conversion of hydroxide to ammonium fluoroberyllate solution (ABF);
- Thermal decomposition of ABF salt into beryllium fluoride; and,
- Magnesiothermic reduction of beryllium fluoride into beryllium

To produce the ABFsolution, the hydroxide is dissolved with ammonium bifluoride solution according
to the reaction:
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Be(OH), + 2NH,.HF, = (NH,),BeF, + H,0 (1)

In this process the pH of the solution is carefully controlled so the precipitation of impurities found in
solution is not allowed. Part of the purification process is attained by utilizing lead oxide as an oxidant
to precipitate some elements like manganese and chromium. Other metals found in solution are removed
by using ammonium polysulfide which also precipitate in the form of sulfides. The filtrate produced is
essentially free of contaminants and ready for crystallization which is a critical step to obtain the
appropriate concentration of ABF crystals or commonly referred to as salt. As with any other
crystallization process, the concentration of “seed” is important to ensure accelerated growth of crystals.

Once the ABF salt is produced and collected it goes to the next step of the process which involves the
thermal decomposition into beryllium fluoride:

A
(NH,),BeF, = BeF, + 2NH,F 2)

This thermal decomposition is carried out in an induction heated graphite retort at approximately
1000°C. As the ABF salts are added to the retort they decompose forming a molten phase of beryllium
fluoride which is cast into discrete pellets. During the decomposition process, ammonium bifluoride gas
is produced and collected and recycled back into the process.

The final step in the extraction process involves the actual modified Kroll Process where beryllium
fluoride and magnesium are reacted together:

Ber +Mg=>B€(l)+MgF2(l) (3)

Based on the stoichiometric reaction one mol of magnesium is needed for each mol of beryllium
fluoride. The reaction is highly exothermic and proceeds to near completion. But if the stoichiometric
proportions are used, a high purity magnesium fluoride is produced which is difficult to remove form the
beryllium itself even when leaching with acid. For this reason, a sub-stoichiometric amount of
magnesium metal is used (between 70 and 75 wt%). The charge is loaded into a graphite crucible and
temperature increased until it is fully molten (above 1300°C). As the reaction proceeds, small droplets of
beryllium metal are formed and coalesce into the larger common “pebbles.” [2] Once the reaction is
complete the product is discharged and fed into a ball mill where the magnesium/beryllium fluoride by
product is partially dissolved in the milling solution, and the rest of the by-products are physically
removed from the beryllium pebbles.
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Figure 7 — Thermodynamic stability of the reaction between beryllium fluoride (stoichiometrically
deficient) and magnesium metal.

Figure 7 shows a thermodynamic stability diagram showing that when less than stoichiometric amounts
of magnesium is used, the end product will have some beryllium fluoride and free magnesium metal
present. The discharge from the ball mill is separated into a beryllium pebbles stream and the
magnesium fluoride slurry. The beryllium pebbles continue their processing by going through magnetic
separators to remove any steel introduced in the process, and a final acid wash prior to sorting and
classification. Up to 97% recovery of beryllium is attained in the extraction process from the hydroxide.
The magnesium fluoride slurry is further treated with more acid solution to recover as much beryllium
fluoride as possible then filtered into a relatively dry sand (15 wt% moisture). This magnesium fluoride
is relatively pure and is commercialized as a by-product of the process.

Once the pebbles have been sorted, they are melted and vacuum refined where any magnesium left from
the extraction process can be lowered to an acceptable amount. The molten beryllium is cast into billets
which go into the final process of making powder for the powder metallurgy (PM) fabrication process.

Figure 8 — Typical beryllium pebbles produced in the Materion Pebbles Plant.
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Classic Extraction — New Technology, Methods and Plant

In the year 2000, Materion closed its primary beryllium extraction operations at Elmore, leaving the
country without a source of fresh beryllium supply. The original extraction facility was aging and there
was enough beryllium available in the National Defense Stockpile (NDS) to supply Materion’s and the
market demand. While beryllium-copper alloys and beryllia ceramics continued to be produced using
hydroxide supplied by the Utah operations, all of Materion’s metallic beryllium requirements had been
supplied from beryllium acquired under long-term contract from the NDS and other small quantities of
beryllium feedstock material purchased internationally.

Figure 9 — New Materion “Pebbles Plant” located in Elmore,_Ohio, USA.

In 2003, Congress directed the DOD to study the strategic need for beryllium and the status of the
domestic beryllium industrial base. In 2004, based on the DOD report, Congress appropriated money for
the Defense Production Act, Title IIT Program for the preliminary design of a new primary beryllium
facility. The new “pebbles plant” was designed and built next to the existing factory in Elmore Ohio,
starting operations in 2011. The plant is 22 m tall, has a 4,742 m* footprint and contains 11,553 m® of
total floor space over three levels. The plant has a demonstrated production capability of 72,500 kg per
year.
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Because beryllium metal is critical and strategic to the national security of the United States, details of
the processing and control equipment cannot be made readily available.

Figure 11 — The Materion “Pebbles Plant” that produces primary beryllium is controlled by several
systems as the one shown.

The new Materion pebbles plant is a state-of-the-art facility that has the latest technologies in terms of
process controls and monitoring. It also includes the most advanced systems to ensure the safe handling
of beryllium that minimizes the risk of exposure to workers of beryllium containing compounds. Remote
operations are the core of the new technologies used in this plant.

Conclusions

Beryllium has and continues to be a key element in the advancement of technologies that improve the
way we live. Many years ago William Kroll developed a process that still constitutes the pillar for
beryllium extraction. With advances in controls, simulations and modeling, the modified Kroll Process
takes a new life in the production of “complicated” elements. Many advances have been made in the
safe handling of beryllium and its compounds, and have been implemented in the new primary beryllium
facility operated by Materion.
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ABSTRACT

Dismantling and detachment of parts from e-scrap are essential and involve higher cost
techniques in pretreatment processes for physical separation. New techniques are desired
for effective recycling of minor rare metals, therefore, we are trying to develop new
detachment processes such as a new break down process. The principal of this new
process is an electrical disintegration by electric pulse. E-scrap is broken down by high
voltage electric pulses in water. IC chips and LSI can be detached from printed circuit
boards under proper conditions. Ta- capacitors are also broken down to plastic parts and
Ta sinter with lead wire. This is very useful in terms of pretreatment for e-scrap recycling.

Also in the case of metallurgical production, with its intrinsic potential of smelting,
extraction, enrichment and separation methods, play an important role in the context of

minor rare metals.
1 Introduction

Let us consider the economics of cyclical usage. We do not have a sufficient recycling
ratio for minor metals, even those with high prices. The recycling ratios for minor rare
metals and some non-ferrous metals, all of which are relatively expensive, have not
always been high. The reason is partly that it is difficult to collect scrap from in-use
markets, and that scrap containing unstable impurities is hardly used in mass-production
processes.

The current state of natural resources supports our modern techniques and mass
production system. It is difficult to give a general definition of natural resources, but
mineral resources can be defined as follows. Minerals rich in target components used as
resources and deposits that contain even high- level impurities can be good resources, if
these impurities are constant and sufficient amounts of target minerals are to be found in

one place. There are two characteristics required; one is a rich composition of target
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elements and the other is sufficient amounts for development as a good resource. Both
are equally important. However, it is the latter, a sufficient amount at only a single
location, that makes mass production possible. The average purity of copper ore is now
less than 1% and sometimes near 0.5%. This is by no means a high purity but it is
presently adequate, since we have effective methods to upgrade it. This is done via a
flotation process that readily upgrades sulfide ore. However, this technique requires
impurities to be at a constant level throughout the mineral. Having minerals with
consistent impurities allows the ore to be put through a mass production process. If
impurities are not consistent in the raw materials, then we must change the process for
each resource. This is impossible within the metal production industry. Thus, even if a
high-concentration ore exists, it is worthless as a resource if impurity of the ore is
inconsistent. These points are summarized for both natural and artificial resources in
Table 1. The average grade of artificial resources is superior, but these are inferior to
natural resources in that they are not concentrated in particular locations (and thus are
difficult to collect), and their grades vary (impurities are not consistent). These points
cannot be applied to mass production. Recycling is often considered to make economic
sense, but our current recycling does not only target items that are economically feasible.
One way of solving the above problems is to first reserve, then stockpile and create future
stocks of byproducts and waste products. This is because of the possibility that these items
will one day be viewed as natural resources, even though they may not be considered so
presently. We call these reserving and managing activities an artificial deposit [1].
Artificial deposits are storage sites for items mid-way through the process of becoming

natural resources.

Table 1  Characteristics of Natural and Man-made Resources

Natural Resources Man-made Resources
-Enough, though we must
consider depletion of Insufficient, but increasing
Amount some recently

MNatural ores, most of which |
Existing can be extracted Scrap or waste,
Forms effectively by large high collection cost
scale processes

Content Low High
| Relatively high but constant Relatively low but has low
Impurity stability
Cost of Extraction Low High
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This article explains the effect of E-waste treatments on environmental issues, from
the viewpoint of metallic resources.

An important means for elevating sustainability to higher levels is the 3 Rs, and these
should receive highest priority. In an economic sense, recycling is regulated by either law
or self-action. If this is economically sensible then there are no problems. However, an
effective social system that includes laws, is necessary if differences between resources
and waste products are unclear. End-of-life products sometimes become waste and

sometimes useful resources, even with the same compositions.

2. Urban Mining

Professor Hideo Nanjo of the Research Institute of Mineral Dressing and Metallurgy at
Tohoku University (a forerunner of the current Institute of Multidisciplinary Research for
Advanced Materials) made the following comment in 1988 in the journal Bulletin of the
Research Institute for Mineral Dressing and Metallurgy at Tohoku University: “Akey to
the steady supply of minor rare metal, a scarce resource, is establishment of a system of
recycling scraps gathered both domestically and overseas in international cooperation
with different countries that produce primary resources” [2]. Professor Nanjo was
predicting present conditions exactly. Further, he accurately stated that “Minor rare metals
are extremely important for maintaining the high-tech industry and if their supply dried
up it would spell the downfall of Japanese industry.” This could be stated about the

present day, without modification.
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Figure 1 Resource Supply Chain in urban mine
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Nanjo proposed a resource recycling chain as shown in Figurel. This shows a circular
supply chain presently under discussion, with items flowing from arteries to veins in a
cycle. When that paper was published, most people did not recognize the importance of
the proposals therein, since the oil crisis had begun and prices had not risen to peak levels
yet. However, those ideas have been passed to us, and we again proposed a new concept
of “artificial deposit” [1]. Since rich deposits should be existed in good mines, we need
rich deposits for mining operations. More detail of urban mining was published in recent

(31

3. Present status of minor rare metal recycling in non-ferrous smelters
Some minor rare metals are recovered using well established non-ferrous smelting
system. In case of copper smelting, anode copper is purified in an electro-refining process
and separated from more noble metals contained in the mineral including precious metals
such as silver and gold. Emissions include the minor elements like arsenic, antimony,
bismuths, selenium and tellurium. These accompanying metals are sometimes beneficial
but sometimes represent cost. Cooperation among copper smelting, zinc smelting and
lead smelting, therefore, becomes very important. Each smelting system has several
processes to treat those minor elements. Schematic presentation for combination between
each smelter is shown in Figure 2. Copper concentrate contains a certain amount of lead
and zinc with minor elements and other zinc and lead concentrates also containing copper.
Thus, a copper smelter produces by-products which contain lead and zinc, and a zinc
smelter also produces by-products containing copper and lead, and same situation is
found in a lead smelter. Therefore, minor elements are efficiently recovered with a
combination of non-ferrous smelters. This is also important in the non-ferrous industry.
To achieve this efficiency, we must make effective use of our existing recycling system
and methods. It is difficult to recycle sufficient minor metals to justify creating new
infrastructure only for recycling. We must consider new systems after thoroughly
checking which elements are being recovered in the existing non-ferrous metal smelting
industry. Substantial minor rare metal recovery is done during the processing of waste
products that contain these and related elements. In particular, gold, silver, PGMs,
selenium and tellurium are contained in minerals as non-ferrous metal smelting impurities,
and these have been recovered for a long time. In addition, recovery of indium, gallium,
antimony and bismuths is ongoing at present.
Precious metals have high value, and are being recovered outside of non-ferrous metal
smelting. In addition, there has been discussion regarding recycling elements used in

battery devices (such as minor metals) and in lithium batteries, which are anticipated to
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grow in volume. Considering the above, it is preferable to recycle used batteries and
battery devices by selecting individual items, and separating components that have an
existing recycling process for most of their elements from those that do not. Such a system
would require the use of existing non-ferrous smelting sites. In summary, to turn by-
products and waste products that appear unlikely to become natural resources into
resources, and in order that we may recycle elements that do not have immediate
economic value, we must initially reserve such items and then stockpile them as future

stock.

Copper concentrate

"{_ Cu, Au, Ag, PGM.
Co, Cd, As, Se, Te

Shredder dust Copper smelting

Sulfuric acid ?

Fly ash Cu S Pb

— Zn
L > Cu %oncentrate

Zinc concentrate

/ Pb \
EAF dust ( Zinc smelting ) Lead smelting

/Pb,/Sn, Bi, Sb
!

Used battery lead

More than 20 metals can be recovered (but not RE, W, Mo, Mn, Cr, Nb, Ta and Li)

Figure 2 Base and minor metals recovered from primary and secondary resources

in non-ferrous industry

Precious metals and PGM are recycled efficiently from non-ferrous smelters. Most
recycling resources are put into smelting furnaces like copper converters, and they are
ultimately recovered from copper slimes after copper electro-refining. Some pre-
treatment processes are required for the furnaces.

Reactive rare metals can’t be recovered in non-ferrous smelting processes because
most of them are oxidized into slag and it is impossible to recover them from slag
economically. Therefore, we have to separate reactive rare metals from e-scarp before
treating in non-ferrous smelters like Figure 3. Key point of this flow is removal of parts
which include high content reactive rare metals like Nd-Fe-B magnet in pre-treatment
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Figure 3 Flow of Recovering rare metals from small sized WEEE

Dismantling and detachment of parts from e-scrap are essential and involve higher cost
techniques in pre-treatment processes for physical separation.

New techniques are desired for effective recycling of minor rare metals, therefore, we
are trying to develop new detachment processes. Our attempt at a new break down process
is shown on the right hand side of Figure 4 with the normal crushing process on the left
hand side [4]. The principal of this new process is an electrical disintegration by electric
pulse. E-scrap is broken down by high voltage electric pulses in water. IC chips and LSI
can be detached from printed circuit boards under proper conditions. Ta- capacitors are
also broken down to plastic parts and Ta sinter with lead wire. This is very useful in terms
of pretreatment for e-scrap recycling.

The next step in the pre-treatment is a separation of each part and/or material. In this
area various techniques have been available, including magnetic separation as a unit
operation. The selection of a good combination of these techniques is important for high
performance separation systems. The standard line up of these kinds of techniques is
magnetic separation, gravity separation and eddy current separation used to separate iron
scrap, non-ferrous scrap and plastics. Of course, each technique has been developed over
time to enhance the separation quality and speed.
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Devise Separation from WEEE

*Conventional crushers and mills are strong comminution methods and then destroy the
devises in WEEE. They give too small size particles which containing MRE . Recycling
MRE is not effective.

=> A novel method for breaking down electrical equipment waste is necessary. One
candidate is electrical disintegration using a high voltage electrical pulse

Electrical Disintegration

- Method with Electric Pulse
[ wee |23

Mechanical J
echanica i—“l
Power T

Separation

= New Technology

Possible Separation
of devices from WEEE

Difficult to separate devices from WEEE Devices

Figure 4 New developments in the technology of component break-down

Sorting techniques have been rapidly developed in recent years. The first development
of this technique is as old as other physical separation processes. It had a slow separation
speed at early stages of development. Now this technique has become one of the major
processes in physical separation. The key point of this process concerns what characters
are analyzed by using various sensors like color, shape, weight and chemical composition.
Almost all sensing techniques such as IR, XRD and XRF are available for the
characterization of target materials. High quality separation can be achieved by this
technique especially for waste plastics. Even plastics containing brominated flame

retardants can be separated from waste plastics.

4. Summary

E-scrap recycling is vital to maintaining a supply chain of minor rare metals. Non-
ferrous smelters are important to advance recycling of basic and minor rare metals. A new
system is necessary for this and the greater development of recycling technologies for
minor rare metals. The above has considerable impact on environment from a resource
perspective. Environmental problems will continue to be important but natural resource
security will become equally important. Creating a zero-waste society aims to combat
both of these issues and promotes sustainable development. Furthermore, natural
resources depend on the land in which they are found and so can easily become involved
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in politics. Environmental sustainability is next to impossible without bold political
leadership. Thus we need to consider both of these factors when creating our national
strategy. Particularly in countries like Japan where advanced technology is everywhere
but there are next to no resources, there is a need to thoroughly debate how to use

technology to create a zero-waste society and create it.
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Abstract

Solvent extraction of Cu?* from the leaching liquor contain Cu and Fe use a microfluidic
technology. Currently, the conventional copper extraction process has many problems such as
long distance and small driving force of mass transfer. In order to solve the problems, studies
are carried out on the extraction process of low grade copper leaching liquid using Lix984N as
an extractant with a new microfluidic solvent extraction technology. The effects of flow rate
on the separation and extraction efficiency between Cu and Fe are studied, and the results show
that a steady liquid-liquid interface of laminar flow is form in the micro-extractor, and
extraction efficiency is 78 % and 2.5 % for Cu and Fe at the contact times of 0.84s respectively.
Besides, the separation coefficient between Cu and Fe is as high as 140.04. The studied
microfluidic technology has the advantages like improving extraction efficiency and reducing
reaction time and providing the potential application in the hydrometallurgy extraction of Cu.

Introduction

Microreactor is a 3-dimensional component with solid substrate manufacturing, which with aid
of a kind of special micro processing technology or precision machining technology. It can be
used for chemical reaction. The microchannel size of the fluid in micro reactor is sub-micron
to sub-millimeter scale. Required chemical reaction needs to be done in those microchannels[1-
2]. Because of the micro reactor effective channel or chamber reduce the physical size of
micron or nanometer level, making the fluid physical quantities such as temperature, pressure,
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concentration and density gradient increased dramatically, leading the driving force of the heat
and mass transfer increase greatly, it can improve an order of magnitude of the heat transfer
coefficient and down an order of magnitude of mass transfer reaction time. Thus, microreactor
application usually embodies a much smaller chemical device, shorter reaction time, higher
efficiency [3], lower consumption of materials and energy [2] and safer operation conditions.
Another advantage of a microreactor is that it can easily scale up by simply *“ numbering up .
Different microreactor procedures have been applied to organic synthesis [1] and material
preparation [4-6 |. Microreactors can now generate tons of product per year [7].

The extraction process is the key link of metallurgy separation purification solution system, it
can separate and purify a variety of metal ions from liquor directly, and avoid the separation
process of precipitation, crystallization .It’s the key method of system of metallurgical solution
separation and purification.

Microfluidic technology applied in the extraction process can avoid the traditional problems.
In the field of microfluidic, solvent extraction is very efficient, because it is able to provide
very high specific surface area and the characteristics of the short diffusion distance. It’s very
helpful to reduce the spread of the path length and increase the mass transfer rate of two phase
interface, thus improve the chemical reaction rate. In addition, the mass transfer that under the
control of laminar flow can avoid the emulsion. At present, the main application fields of
microfluidic technology is chemistry and chemical engineering fields, such as gas processing,
chemical synthesis and particle synthesis, etc. And it can achieve annual tons of production
capacity[8].

Very few researchers have explored the potential of using microreactors in the field of solvent
extraction of metal ions. In Australia, the possibility of extraction Cu?" from a particle-laden
solution was investigated, with a positive result [9]. In Japan, it was shown that Cs" extraction
from a complex solution in stable slug flow, by inserting a piece of glass bead into a
microchannel, resulted in faster separation compared with conventional batch experiments [10].
In this paper, the extraction and separation efficiency of Cu*" from low concentration leachant,
was studied in a laminar flow microreactor. The process of diffusion and mass transfer in the
microreactor was also analyzed, and the extraction effects were compared with traditional
extraction.

Experimental

2.1 Materials and Devices

The experimental material, an aqueous solution in a sulfuric system at a pH value of 1.58, was
obtained from a hydrometallurgy copper plant in Yunnan Province, China.

Its chemical composition was analyzed (listed in Table 1) . The organic phase for solvent
extraction contained 4% LIX984N (volume fraction, Henkel, Germany) and 70% kerosene
( DeZhong Chemical factory, ZhengZhou, HeNan province, China).

Table 1 Chemical composition and the pH value of the leachant.

Elements Cu? Fe’* pH
Unit gL' g.L! Value
Date 0.48 8.09 1.58
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The microchip used in this study is shown in Figures 1, Figures 2 and Figures 3. It was made
of Polymethyl Methacrylate (PMMA,Tsinghua University, China).The extraction reaction
takes place in a 140 mm long microchannel (600 p m x 100 p m), which is shown in Figure 2.

Microscope

Aqueous phase ‘?

Pump 1 H——==f"

Pump 2
Organic phase

Microreactor Test tube Computer

Fig 1 Schematic of microreactor system

.
i
-

30 25

NS
r

k‘

Fig 2 Schematic of Microchannel

Fig 3Microreactor channel conditions monitored by optical microscopy.
2.2 Procedures

During the experiments of microreactor extraction, the aqueous and oil phases were,
respectively, pumped into the PMMA microchip by two constant flow pumps (HLB-4015,

47



Yansan). The flow stability of the contacting interface of the aqueous and oil phases in the
microchip was monitored with an optical microscope (Leica DM 4000 M). The flow rate of the
aqueous phase was ranged from 0.05 to 2 ml - min™! at a fixed organic/aqueous flow rate ratio
of 1. Sample was collected and analyzed after System stability

The experiments of conventional extraction were carried out in a 125 ml separating funnel. The
shaking time was 2 min,3 min,4 min,5 min and 6 min, respectively. Each time, 40 ml aqueous
phase and organic phase (4% LIX984N in kerosene) were added to a 125 ml separating funnel.
Then, the funnel was stirred on a shaking machine for different time at a speed of 200 rpm.
After separation, the aqueous phase was diluted and analyzed by inductively coupled plasma
atomic emission spectrometry (ICP-AES).

2.3 Analysis Method

The concentrations of Cu?" , Fe?* and Fe*" in the aqueous phase before and after the extraction
were determined by an ICP-AES (Leeman ICP-AES PS1000). The acidity of the aqueous
solution was determined by an acidity meter. Equation (1) is an expression of extraction
efficiency, where Ci and Ca signify the elements contained before and after extraction,
respectively:

Ezﬁxloo

a0

M

Results and Discussion

3.1 Stability of Liquid-Liquid Interface

Figure 4 is the photo of the phase interface in the microchannel s taken by an optical microscope.
A stable liquid-liquid interface was observed during this experiment under the condition of
optimal flow rate ratio (oil/aqueous), R = 1, and flow was laminar in all cases. Compared with
the emulsions which easily appeared in conventional extractions, this type of micro-reactor
extraction radically abandoned the formation of emulsions of oil-in-water.

Fig 4 Photo of the phase interface in the microchannel
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3.2 Effect of Extraction Experiment

3.2.1 Effect of Flow Rate As we can see from the Figure 5, extraction efficiency of copper
reduce and extraction efficiency of iron is stable about 2% with the increase of flow rate. When
flow rate is 0.03mL/min, the extraction efficiency of copper and iron is 7.8% and 2.5%,
respectively.
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Fig 5 The effect of flow rate on extraction

3.2.2 Calculation of Contact Time in the Micro-Channel The changes of geometry structure of
amicro-reactor have a great influence on the flow pattern and the shape of the interface between
L-L phases [11]. According to the micro-channel geometry in Figure 2 , the volume of aqueous
channel, V., was calculated by Eq. (2):

V. =dxIxw @)

The V. is 8.4x10°m? by calculating. When the flow rate of the aqueous phase and organic
phase was 0.3 mL -min . The residence time, t, of the aqueous phase in the microchannel can
be expressed as Eq. (3):

t=-<
N 3

The t is 0.84 s by calculating, which indicated that the extract ability could be measured for a
short contact time of both phases in the micro-reactor. In traditional solvent extraction plants
with a mixing settler system, the extraction time is usually about 5 min (4 min of mixing and 1
min of phase separating).

Fig 6 shows that the effect of residence time on extraction in micro-channel is significant. The
extraction efficiency of copper has a linear correlation with the increase of residence time
before 0.84s. The characteristics of extraction efficiency increase with residence time are also
reported in extraction of indium[12].Extraction efficiency of copper reach 78% in only 0.84s
and extraction efficiency of iron is only 2.5% at the moment.
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Fig 6 The effect of residence time on extraction in micro-channel

3.2.3 Separation Coefficient and Mass Transfer Character The aqueous-organic interfacial area
A (m?) can be calculated with follow equation:

A=wxL o

where w is the width of the micro-channel and L is length of the micro-channel. Thus, A is
calculated to be 8.4x10 > m? .when the value of flow rate is 0.3mL/min ,the contact time of
0.84 s, 4.2 x 10° m® of solution involved in the reaction and copper ion concentration in
aqueous phase change from 0.46 g/L to 0.10 g/L. The mass transfer coefficient, Jm, can be
calculated with follow equation:

v.ic, -C
JM:W(+1M) )

The mass transfer coefficient is 0.0214 g - m2-s”. When v=0.3 mL/min , the raffinate was
collected and analyzed by ICP-AES. The results are shown in Table 2 .

Table 2 The chemical composition of the original solution and the raffinate after microreactor

extraction.
Composition Cu** Fe?* and Fe’*
Original solution (g/L) 0.46 7.98
Raffinate (g/L) 0.10 7.78
Extraction rate (%) 78.26 2.50

The value of distribution ratio D, and p, was calculated to be 3.6 and 0.0257, respectively.

The separation coefficient [, . is 140.04 by the calculation.

It is shown in Table 2 that the extraction percentage of copper is much higher than that of iron.
The micro-reactor provides a good separation effect of Cu** and impurities. The main reason
lies in the fact that the mass transfer speed of copper is much higher than iron. During the
microchannel extraction, the flow pattern is much different with the mixing settler system. The
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mass transfer of the former is by diffusion through a stable interface, which may lead to better
selection of metal ions.

For checking the co-extraction effects of iron during the traditional mixing settler system, the
extraction experiment was carried out in separating funnels. The relationship between the
extraction efficiency and time is shown in Table 3 .

Time(min) 2 3 4 5 6

Extraction efficiency of
copper(%)
Extraction efficiency of
iron(%)

Table 3 Extraction in different time during separating funnel experiments.

47.86 | 70.84 | 80.32 | 83.20 | 81.41

1.21 1.89 | 2.05 | 2.17 | 2.81

Comparison with conventional extraction, we can see that the microreactor extraction in 0.84s
can achieve the result of conventional extraction in 3 min. Thus it can be seen that
microreactor reduce reaction time greatly. The reason for this is that extraction reaction of
copper and mass transfer type is controlled by diffusion in microchannel and that extraction
efficiency increased with the extension of time in stable laminar flow microchannel. The
channel size is far less than mixer settler of conventional extraction, that is conducive to
diffusion and mass transfer.

Conclusions

The extraction of Cu?" from a low concentration leachant with LIX984N was conducted in
laminar flow microreactor. According to the results, the following conclusions are drawn:

1.In the microfluid extraction experiment, organic phase and aqueous phase has maintained
steady laminar phase interface which avoid the phenomenon of the emulsion.

2.In the traditional mixing settler process, the operation time of a single stage is over 3 min,
while in the microreactor, the time can be as short as 0.84 s.

3. In the microreactor process, the average mass transfer speed is 0.0214 g . m™-s”'. The

separation coefficient S, .. is 140.04
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Abstract

The treatment process of a low-grade refractory gold ore containing sulfide minerals and carbonaceous
matters was studied in this work. The gold extraction of this ore by all-sliming cyanidation was only
11.75%. Hence, a pretreatment was necessary. In this paper, a flotation-preoxidation-cyanide leaching
process was developed. The concentrate from the flotation procedure was processed using different
preoxidation methods. A concentrate containing 34.08g/t of gold with the gold recovery ratio of 81.20%
was obtained by flotation. After roasting, microwave heating or alkaline pressure oxidation, the gold
cyanidation ratio reached 82.37%, 81.26% and 71.09% respectively. Roasting was an effective, reliable
and mature technique to oxidize sulfide minerals and carbonaceous matters. Roasting and microwave
heating both produced dangerous environmental pollutants while alkaline pressure oxidation was
eco-friendly.

Introduction

In sulfidic refractory gold ores, fine gold particles may be highly disseminated and locked up in sulfide
minerals such as pyrite and arsenopyrite. These largely unoxidized ores exhibit very low gold recoveries
(typically<20%) by direct cyanidation [1]. This suggests that the primary ore is highly refractory in nature
and will therefore have to be processed using an appropriate preoxidation method.

Pre-concentration methods play an important role in the process allowing economic gold production from
ores with low grades [2]. Flotation is an economic and widely applied pre-concentration method [3, 4].

Roasting has been used for more than a century and has been applied successfully to a wide range of
materials [5]. However, the process produces pollutants such as sulfur dioxide and arsenic trioxide that
need to be removed before discharge. Stringent discharge standards make the roasting process very
expensive. In addition, localized high temperatures during roasting may produce impervious and glassy
fluxes that encapsulate the gold and reduce gold extraction [6, 7].

Microwaves could potentially be utilized as an alternative energy source for processing minerals. Some
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advantages of microwave heating include: rapid; heat is transferred efficiently; internal heating is possible,
the energy source is clean; and microwave processing is compatible with continuous processing [8, 9].
Carbon and metal sulfides are known to be very good microwave absorbers and they can be rapidly and
selectively heated [10].

Alkaline pressure oxidation, as a clean and efficient method for strengthening hydrometallurgical leaching,
has been used in the pretreatment of complex and refractory materials, such as lead-containing copper
matte, refractory gold ore, and nickel smelter slag [11, 12]. Alkaline pressure oxidation can be used to
process refractory gold ores containing high alkaline gangues and carbonate. Under the alkaline
conditions sulfur and arsenic in the refractory ores are completely dissolved as sulfates and arsenates
which are harmless to the environment [13, 14]. However, high content of carbonaceous matters,
especially elemental carbon could not be oxidized readily by using pressure oxidation.

In this paper, the treatment process of a low-grade refractory gold ore containing sulfide and carbonaceous
matters was studied. The concentrate from the flotation procedure was processed using preoxidation
methods (i.g. roasting, pressure oxidation, and microwave heating). Comparisons between the different
flotation and preoxidation methods were made, and a flotation-preoxidation-cyanidation process was
established.

Experimental work

Materials and reagents

A refractory gold ore containing 2.43g/t of gold was used for this study. The gold extraction of all-sliming
cyanidation was only 11.75%. Chemical analysis, X-ray diffraction (XRD) and optical mineralogy by
using the polished and thin sections were applied for ore characterization. Results of chemical
compositions, gold phases and XRD are shown in Table [ , Table Il and Figure 1. Mineralogical
characterization studies on this ore indicated that the ore was dominated by silicate minerals and clays
including quartz, dolomite, magnesite, lizardite, phlogopite, and muscovite. Pyrite and arsenopyrite
accounted for most of the sulfide content. Most of the gold occurred as sub-microscopic grains associated
with fine-grained sulfide minerals. Butyl xanthate and butylamine dithiophosphate used in the flotation
procedure were commercial pure. Other chemical reagents, such as sodium hydroxide, sodium carbonate,
sodium cyanide and sulfuric acid used in this study were all analytically pure. The purity of oxygen gas
used in the leaching tests was 99.9%.

Table [ . Chemical compositions of the gold ore

Elements Au* Ag* As Sb S C Cu
Compositions(%) | 2.43 1.16 0.093 0.047 0.35 4.08 0.0052

Elements Ni Fe SiO, CaO MgO Al,O3 K>,O
Compositions(%) | 0.083 4.06 43.77 8.79 11.66 7.8 2.72
* Unit g/t.
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Table I . Chemical phase analysis of the gold

Gold phase

Compositions (g/t)

Distributions (%)

Flotation tests

500g of the raw ore was used for the floatation tests. 85% of the flotation feed were finer than 74 micron.
A lab-used flotation machine of XFDIII, 1.5L and 0.5L floatation cells and tap water were used for the
flotation tests. The flotation tests were carried out at ~ 33% solids. The volume of the pulp in the floatation
cell was kept constant by adding tap water. The impeller speed was 2400r/min. Methyl isobutyl carbinol
(MIBC) was applied as the frother during the tests. Conditions of the flotation test as a pre-concentration
method are shown in Table III. Sodium carbonate was used as ph regulator, water glass was applied as a
depressor to gangue, copper sulfate was used as activator, and butyl xanthate and butylamine

Two-Theta (deg)

Figure 1. XRD analysis of the gold ore

dithiophosphate were used together as a combined collector.

Table III. Conditions of the flotation test

Monomer and exposed 0.05 2.06
Wrapped by sulfide minerals 1.47 69.96
Wrapped by oxide minerals 0.54 22.22
Wrapped by silicate minerals 0.14 5.76
Total 2.43 100.00
1400 | Q
Q-Quartz
1200 |- D-Dolomite
_ M-Magnesite
£ 1000 - L-Lizardite
§ P-Phlogopite
m}: 800
é 600 | b
E
400 |- Q M
Eoop E La BM Q g
o 1‘0 2‘0 1;0 4‘0 5;0 (;0 70 80

Reagents added (g/t Time
Stage Sodium Water | Copper Butyl Butylamine MIBC | (min)
carbonate | glass sulfate | xanthate | dithiophosphate
Rougher 1 1000 1000 500 200 100 20 6
Rougher 2 100 50 4
Scavenger 50 25 4
Cleaner 200 50 25 4
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Pre-oxidation tests

The concentrate from the flotation tests needed oxidative pre-treatments in order to improve recoveries
and achieve the economic feasibility. Screen analysis showed that 90% of the concentrate was finer than
74pm.

Roasting In this study, roasting of the concentrate was performed in a horizontal tube furnace. The
concentrate was put in a porcelain boat at a constant temperature. Air flow was sent in to the furnace. At
the end of the test, the air flow was interrupted and the solid material was cooled. Roasted samples were
weighed to evaluate mass change and volatilization of oxides. The gas effluent, mainly consisting of
excess air, SO, and other volatilized oxides, was gurgled in a saturated solution of NaOH to reduce the
emission of pollutants. Experimental conditions are reported in Table IV. Different tests were carried out
to check the effects of temperature and roasting time.

Table IV. Conditions of the roasting tests

Temperature | Time Au leaching Temperature | Time Au leaching

(‘C) (h) extraction (%) (‘C) (h) extraction (%)
0 0 14.04 750 2 82.37

500 2 59.46 800 2 80.21

550 2 63.02 750 1 75.57

600 2 65.28 750 3 81.78

650 2 69.39 750 4 79.49

700 2 76.33

Microwave heating The microwave heating tests were performed with 20g samples in a quartz crucible.
The crucible was placed at the centre of the oven. During the tests O, was fed to maintain the oxidative
atmosphere. The variables studied were: heating temperature, heating time and O, flow rate. Experimental
conditions are reported in Table V.

Alkaline pressure oxidation The flotation concentrate (20g) was pulped to ~20% solids with tap water.
Afterwards, a certain amount of NaOH was added into the pulp.The 0.5-liter autoclave vessel was sealed
and then heated. Once the temperature arrived at desired value, desired O, partial pressure was applied.
The stirring speed was 700r/min. At the end of the test the autoclave was closed and the pressure was
relieved. The conditions of alkaline pressure oxidation tests are reported in Table VI. Different tests were
carried out to check the effects of the process parameters including temperature, oxygen partial pressure,
NaOH dosage and oxidation time.

Cyanidation tests Cyanidation tests were carried out with the solid coming from the preoxidation
treatments. The oxidation product (20g) was pulped with water to ~20% solids in a 250ml beaker. The pH
was adjusted to 10.5~11 with sodium hydroxide and maintained stable during the whole leaching time (i.e.
48h). NaCN was then added at a concentration of 0.2%. The agitator rotation rate was 400r/min. The
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leaching tests were conducted at room temperature (~25°C). At the end of the test, pulp was filtered. The
filtercake was washed several times with water. The leaching residue was dried for assay. The results are
given in Tables [V ~ VI.

Table V. Conditions of the microwave heating tests

. . . . Au leaching
Heating stage | Temperature (‘C) | Time (min) | O, flow (L/h) extraction (%)
First 500 20 180
Second 700 40 180 68.19
First 500 60 96
Second 700 20 160 72.24
First 500 90 96
Second 700 60 200 78.58
First 500 90 96
1.2
Second 700 90 200 81.26
Table VI. Conditions of the alkaline pressure oxidation tests
. Fo, . Au leaching
Temperature ('C) (MPa) NaOH (kg/t) | Time (h) extraction (%)
180 0.80 50.00 3.00 53.64
200 0.80 50.00 3.00 67.23
210 0.80 50.00 3.00 69.59
220 0.80 50.00 3.00 71.09
230 0.80 50.00 3.00 71.14
220 0.60 50.00 3.00 67.56
220 0.80 50.00 3.00 71.09
220 1.00 50.00 3.00 71.15
220 0.80 30.00 3.00 54.37
220 0.80 40.00 3.00 65.36
220 0.80 50.00 3.00 71.09
220 0.80 60.00 3.00 69.08
220 0.80 50.00 2.00 63.25
220 0.80 50.00 3.00 71.09
220 0.80 50.00 4.00 71.12
220 0.80 50.00 5.00 71.04

Results and discussions

Flotation as a pre-concentration method

According to the results, a gold concentrate containing 34.08g/t of gold with the gold recovery ratio of
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81.20% was obtained. The concentrate yield was 5.79%. Chemical compositions of the flotation
concentrate are shown in Table VII. The contents of S, C and As were high. Meanwhile, alkaline gangues in
the flotation concentrate were also relatively high. Gold extraction of the direct cyanidation was only
14.04% (see Table 1V) which indicated that the concentrate required pre-oxidation before leaching.

Table VI. Chemical compositions of the concentrate

Elements Au* Ag* As Sb S C Cu
Compositions(%6) | 34.08 6.03 1.70 0.94 6.15 3.61 0.073

Elements Ni Fe Si0, CaO MgO Al,O3 K,O
Compositions(%) | 0.177 | 10.85 21.37 10.30 20.38 8.27 1.33
* Unit g/t.

Comparisons between different preoxidation methods on the gold concentrate

The refractory concentrates needed oxidative pre-treatment in order to improve recoveries and achieve the
economic feasibility. In this study, roasting, microwave heating and alkaline pressure oxidation tests were
performed with the flotation concentrate. The control factors and their levels used in the different
oxidation experiments are given in Table [V ~ VI.

Roasting Roasting is a reliable and mature technique to oxidize both sulfide minerals and carbonaceous
matters at high temperatures using air or oxygen as oxidant gas. It could improve the leaching efficiency
of gold and has strong adaptability. The main defects are: 1) the energy consumption is high because it is
necessary to maintain the desired temperature for hours; 2) some process wastes such as sulfur dioxide
and arsenic trioxide are dangerous environmental pollutants; 3) conditions demand to be properly and
carefully controlled. The temperature for the oxidization of graphite carbon is higher than that for the
sulfide minerals, while excessive roasting may form physical encapsulation. As can be seen from Table [V,
exceedingly high roasting temperature and long time led to lower gold extraction.

According to Table IV, both roasting temperature and time had significant effects on gold leaching ratio.
The highest gold extraction by roasting was found to be 82.37% at 750°C and roasting time of 2h. Roasted
overtime or under exceedingly high temperature would lead to an decrease in gold extraction. The overall
recovery ratio of gold reached 66.88% using flotation-roasting-cyanidation process.

Microwave heating The gold extraction of the concentrate by cyanidation reached 81.26% after
microwave heating. Microwave heating usually cost shorter time compared to conventional roasting.
However, the heating time and temperature required in this case were similar with conventional roasting.
In addition its processing capacity was small, and the pollutants produced in this process also needed to be
removed. The overall recovery ratio of gold was 65.98% using flotation-microwave heating-cyanidation
process.

Alkaline pressure oxidation As alkaline gangues in the gold concentrate were relatively high, alkaline
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pressure oxidation might be a proper method for pre-oxidation. Under the alkaline conditions sulfur and
arsenic in the refractory ores are completely dissolved as sulfates and arsenates which are harmless to the
environment. Compared to roasting and microwave heating, the methods used in flotation-pressure
oxidation-cyanidation process are all hydrometallurgical.

The most significant parameter relating to gold leaching ratio was found to be temperature as shown in
Table VI. Under the conditions of oxygen partial pressure 0.8Mpa, oxidation time 3h and NaOH dosage
50kg/t, gold leaching ratio increased dramatically from 53.64 % to 71.09 % when temperature raised from
180°C to 220°C, and then the leaching ratio remained constant at a higher temperature of 230°C.

The optimal gold leaching ratio of 71.09% was obtained under the condition of temperature 220°C,
oxygen partial pressure 0.8MPa, oxidation time 3h and NaOH dosage 50kg/t. According to the results, the
gold extractions of pressure oxidation tests did not yield gold extraction as high as the extractions of the
other two methods did. The overall recovery ratio of gold reached 57.72% using flotation-alkaline
pressure oxidation-cyanidation process. It is not easy to oxidize graphite carbon in alkaline pressure
oxidation process. These carbonaceous matters can consume large amount of reagents and adsorb leached
gold from the solution during cyanide leaching, which may be the reason for the low leaching ratio of
gold. On the other hand, the iron oxides and hydroxides formed during alkaline pressure oxidation can
coat the surfaces of gold and sulfide minerals and prevent the ore from further oxidation [15, 16]. These
may be resolved by using thiosulfate leaching which is less sensitive to carbonaceous matters or adding
some surfactants. However, it needs further study to make alkaline pressure oxidation an effective
preoxidation method.

Conclusions

A concentrate containing 34.08g/t of gold with the gold recovery ratio of 81.20% was obtained by
flotation.

The maximum gold leaching ratio of 82.37%% was obtained by roasting-cyanidation. Roasting was an
effective, reliable and mature technique to oxidize both sulfide minerals and carbonaceous matters. The
main defects of roasting were: high energy consumption and environmental pollution.

Gold extraction of the concentrate by cyanidation reached 81.26% after microwave heating. The
processing capacity of microwave heating was small and it also produced pollutants which needed to be
removed before discharge.

The gold leaching ratio of 71.09% was obtained using alkaline pressure under the conditions of
temperature 220°C, oxygen partial pressure 0.8Mpa and oxidation time 3h. The low extraction ratio of
gold may be caused by the carbonaceous matters in the concentrate. It may be resolved by using
thiosulfate leaching instead of cyanide leaching. Alkaline pressure oxidation is eco-friendly, and might
be more effective after further study.
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Abstract

A high carbon low-grade gold ore, in which gold mainly occurs in carbonaceous matters, is a typical
refractory gold ore whose conventional cyanide leaching extraction is only 12.9 %. In this paper, by the
process of flotation-roasting-leaching, gold was effectively enriched and extracted. The flotation results
showed that the enrichment ratio of gold was relevant to that of carbon, indicating that gold occurred in
close association with carbon. A concentrate containing gold 7.26 g/t and carbon 12.37 % was obtained,
with gold recovery 83.10 % and carbon recovery 90.24 %. Subsequently, the roasting of flotation
concentrate favorably made the removal rates of carbon and sulfur reach 99.81% and 98.79%,
respectively. After roasting, the gold in the roasted product was further enriched to 29.70 g/t and the
optimal gold cyanide leaching extraction reached 93.66%.

Introduction

With the rapid depletion of non-refractory gold ores, refractory gold ores have become the main
materials of gold industry, and nearly one third of gold comes from refractory gold ores all around the
world. In particular, carbonaceous gold ores, accounting for over 20% of the refractory gold ore
resources, obtain increasing concerns about how to utilize them economically and effectively [1].
Generally, the poor gold extraction of carbonaceous gold ores is attributed to carbonaceous matters
which mainly have two aspects of harmful effects on gold extraction. On one hand, the carbonaceous
matters can inhibit gold leaching because of locking gold up in themselves. On the other hand, the
carbonaceous matters can absorb dissolved gold from solution and this phenomenon is termed as
preg-robbing [2]. The ordinary carbonaceous gold ores are refractory due to preg-robbing. Whereas,
there is a very unusual kind of carbonaceous gold ores in which both of the two adverse factors on gold
extraction exist.

In order to extract the gold from the carbonaceous gold ores, basic approach either whole ores treatment
process or beneficiation-metallurgy process is available [3]. For a low grade refractory gold ore, the
costs involved in whole ores treatment process are certainly not economically. However,
beneficiation-metallurgy process has an advantage that a concentrate with higher grade value of gold can
be produced by beneficiation techniques and thus only a lesser quantity of the material will be treated in
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the subsequent process [4].

At present, flotation is commonly used as a preconcentration step to recover gold from the low grade
carbonaceous sulfidic refractory gold ores when the gold mainly occurs in sulfides, followed by
pretreatment methods including roasting oxidation, chemical oxidation and bio-oxidation [5,6]. Among
them, due to its mature process and strong adaptability, roasting becomes a reliable technique to
decompose carbonaceous matter and improve the leaching efficiency of gold. Therefore, this method has
been most widely used.

Extensive studies were conducted on carbonaceous sulfidic refractory gold ores. Numerous flotation
preconcentration experiments on recovering sulphide minerals and gold indicated that high reagents
consumption was caused because of the strong adsorbability of organic carbon. Thereby, some
researchers proposed priority flotation for carbon to reduce the adsorption of reagents, followed by
flotation for gold from its tailings [7-9]. Thereafter, both of the two concentrates were processed by
roasting-cyanidation method. In this way, gold was economically and effectively extracted.

However, there are fewer researches on processing the carbonaceous refractory gold ores when gold is
hosted in carbonaceous matters. Liu [11,12] put forward the process flow of branch extracting gold
when the gold partially occurred in carbonaceous matters, i.e. carbon flotation-oxidizing roast of
carbonaceous gold concentrate-branch cyanidation of roasted ore and tailing. As a result, the gold
recovery of flotation concentrate was 69.47% and the total gold recovery was 88.65%. Although the
costs are reduced by roasting lesser concentrate, the branch process has the disadvantages of low gold
recovery of concentrate, long process and massed operations.

In the present work, the gold extraction from a high carbon low-grade refractory gold ore whose gold
largely occurred in carbonaceous matters was studied. The aim of this study was to recover the gold
effectively by the flotation-roasting-leaching process.

Experimental
Raw materials

The high carbon low-grade refractory gold ore used in this study was taken from Jiangxi province in
China. It is a typical refractory gold ore whose conventional cyanidation extraction is only 12.9 %. The
chemical compositions of the ore shown in Table I indicated that the total carbon content reached 4.34%
resulting in adverse effects on gold extraction. The XRD pattern of the ore was given in Figure 1. The
major mineralogical constitutes of the ore were carbon and hematite, with quartz, muscovite and
kaolinite as the major gangue minerals. Seen from Table II, the distribution of gold had a close
association with carbon. It could be concluded from these results that gold could be concentrated by
carbon flotation. In order to maximize the gold recovery of this ore, it was necessary to improve the
recovery of carbon.

Methods

Preparation of sample The ore sample was crushed and passed through a 1 mm size screen thoroughly.
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The crushed sample was mixed completely and then split into 500g samples by cone and quartering
technique. Subsequently, these samples were stored in bags respectively.

Table I. Chemical compositions of raw materials

Element Au* C S Cu As Sb | TFe | SiO, | ALOs; | CaO | MgO
Content (%) | 3.05 | 4.34 | 0.30 | 0.006 | 0.005 | 0.05 | 494 | 66.47 | 13.94 | 0.34 | 0.22
*The unit of Au is g/t.
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Figure 1. XRD pattern of raw materials
Table II. Particle size distribution of raw materials
Gold grade Carbon Distributive rate (%)
Size (mm) Weight (%) 0
(g/t) content (%) gold carbon
+0.15 30.16 0.99 0.87 9.77 6.04
-0.15+0.074 6.35 1.12 1.17 2.33 1.71
-0.074+0.045 3.85 1.36 1.48 1.71 1.31
-0.045+0.038 2.44 4.29 6.38 343 3.59
-0.038 57.20 4.42 6.63 82.76 87.35
Total 100.00 3.05 4.34 100.00 100.00

Flotation experiments The flotation reagents included collector diesel oil, inhibitor sodium
hexametaphosphate and frother secondary octanol [12].

For each test, 500g sample was ground in a ball mill, at slurry density of 50% solids by weight, to obtain
a certain grind size. To perform flotation experiment, the ground sample was transferred into a 1.5L
flotation cell and diluted to about 30% solids using tap water. It was agitated for 2 min before any
reagents were added. Then, the inhibitor and collector were added and conditioned for 2 and 3 min
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respectively, followed by the addition of frother with 2 min of conditioning. Thereafter, the pulp was
aerated and the concentrate was collected for 15 min. Throughout the experiment, the froth height was
maintained by adding an appropriate amount of water. At the end of the each test, concentrates and
tailings were filtered, dried and analyzed for gold grade and carbon content. The gold was analyzed
using AAS. A series of experiments were carried out to obtain the optimum optimal values of grind size,
dosages of collector and inhibitor required for flotation. In addition, the frother dosage was decided by
experiment phenomena.

Roasting-leaching experiments The flotation concentrate was utilized in roasting experiments. All the
roasting experiments were performed in the experimental apparatus shown in Figure 2. In each
experiment, the sample was loaded in two small fireclay crucibles. Each crucible contained 10g ore.
Both of the crucibles were placed in a quartz tube which was put in an electrically heated horizontal tube
furnace. The gas flow was controlled at 120 L/h by adjusting the flowmeter. Simultaneously, the
temperature was measured using a Type K thermocouple. The sample was roasted for a certain time
under these conditions, and then cooled in air. All the roasted samples were weighed and analyzed for

the content of carbon and sulfur. The studied roasting variables were temperature and time.
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1- horizontal tube furnace; 2-quartz tube; 3-fireclay crucible; 4-thermocouple;
5-exhaust gas absorption equipment; 6-flowmeter; 7- pump
Figure 2. Schematic diagram of the equipment for roasting

After roasting, the roasted product was leached by sodium cyanide. In each leaching test, 20 g roasted
product was put into a 300 ml beaker and diluted using certain water (solid-liquid ratio 1:3). The pH
value of the leaching solution was kept at 10.5-11 by adding a moderate amount of sodium hydroxide.
Next, appropriate sodium cyanide was added to obtain the cyanide concentration of 0.2%. The pulp was
stirred on an agitator at 600rpm for 48h. After the test, the residual was filtered, dried and analyzed for
gold grade. In roasting-leaching experiments, the removal rates of carbon and sulfur and the gold
leaching extraction were adopted to test the effect of roasting.

Results and Discussion
Flotation studies

Effect of grind size To test the effect of grind size on flotation, a series of experiments were carried out
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by increasing the grind size with -0.074 mm from 63% to 85%. In each test, the additions of inhibitor,
collector and frother were 500 g/t, 600 g/t and 40 g/t, respectively. The effect of grind size on flotation
shown in Fig.3 indicates that the gold grade and carbon content decreases gradually (gold from 9.52 g/t
to 8.27g/t and carbon from 16.70% to 13.90%) with the increase of grind size, and the enrichment ratios
of gold and carbon are nearly equal under the same condition. These results prove that gold occurs in the
carbonaceous matters. It can also be seen that both the recoveries of gold and carbon tend to peak at the
grind size with -0.074 mm of 71%, with the values of 58.96% and 65.02%. This phenomenon could be
explained that appropriate grind size can make target minerals fully liberated. However, the ores are
extremely apt to be slimed when ground for too long, and the flotation recovery rate decreases. Hence,
the grind size with -0.074 mm of 71% is recommended to the subsequent experiments.

Effect of collector Diesel oil is widely used as a collector in the flotation of coal and it was therefore
speculated to recover the carbonaceous matter from the high carbon low-grade refractory gold ore as
well. The effect of collector on flotation was tested by increasing the collector dosage from 600 g/t to
3400 g/t. The experiments were performed under the conditions of grind size with -0.074 mm of 71%,
inhibitor 500 g/t and frother 40 g/t. Figure 4 describes the effect of collector on flotation that the grade
of gold grade and carbon content increases with collector addition increasing collector addition to 2600
g/t and then declines to a lesser extent, and the enrichment ratios of gold and carbon are almost the same
in each test. Furthermore, as the collector increases to 3000 g/t, the recoveries of gold and carbon rise
sharply at first, after which the carbon recovery increases slightly while the gold recovery remains
constant. Thus, a collector of 3000 g/t is considered to be the most favorable value.
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Figure 3. Effect of grind size on flotation Figure 4. Effect of collector on flotation

Effect of inhibitor Sodium hexametaphosphate, which is deemed as an effective inhibitor, plays an
important role in inhibiting gangue minerals and dispersing the slime. A series of experiments were
conducted under the conditions of grind size with -0.074 mm of 71%, collector 3000 g/t and frother 40
g/t. The effects of increasing inhibitor dosage from 0 to 700 g/t are given in Figure 5. It clearly displays
that the grade of gold grade and carbon content almost linearly increases with inhibitor addition
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increasing inhibitor addition to 500 g/t and then tends to be stable. Likewise, the variation regularity of
the enrichment ratios of gold and carbon is the same as shown in Figure 3 and Figure 4. Moreover, the
optimal recoveries of gold and carbon are achieved at an inhibitor dosage of 50 g/t. Under this condition,
a concentrate containing gold 7.26 g/t and carbon 12.37 % is obtained, with gold recovery 83.10% and
carbon recovery 90.24%. Consequently, an inhibitor of 50 g/t is chosen for the flotation process.
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Figure 5. Effect of inhibitor on flotation

Roasting-Leaching studies

Production of the concentrate The flotation concentrate, which containing gold 17.82 g/t, carbon32%
and sulfur 1.65%, is obtained by adopting one roughing stage under the optimum optimal conditions
established earlier and one cleaning stage without using any reagents. The flow sheet of producing the
concentrate is showed in Figure 6. The carbon and sulfur of concentrate should be removed to release
the adverse effects on gold leaching.

Raw ore

-0.074mm 71%
2 Sodium hexametaphosphate 50g/t
3 Diesel oil 3000g/t

2 2-octanol 40g/t
Roughing

Cleaning Gangue

Concentrate Middlings
Figure 6. The flow sheet of producing the concentrate
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Effect of roasting temperature To optimize the roasting temperature required for the process, the
experiments were carried out by varying roasting temperature from 500°C to 800°C for 2h. Figure 7
illustrates the removal rates of carbon and sulfur and gold leaching extraction as a function of roasting
temperature. As observed from Figure 7, the removal rates of carbon and sulfur increase from 95.76%
and 95.89% to 99.83% and 97.82%, respectively, within the temperature ranging from 500°C to 600°C,
and both of them are totally removed above 600°C. Simultaneously, the mass loss almost remains
constant about 40%, indicating that carbon and sulfur are mostly removed and gold is further enriched. It
can also be seen from the curve of gold leaching extraction that the optimal value of 91.22% is achieved
at 600°C. Beyond 600°C the gold leaching extraction decreases markedly and this is because that some
local melting occurs and there is some sintering and formation of some glassy material. Therefore, it is
concluded that 600 °C is the optimal roasting temperature.

Effect of roasting time Figure 8 presents the effect of roasting time on roasting-leaching process at
600°C. Seen from it, the curve of mass loss is similar to that of Figure 7. The removal rates of carbon
and sulfur increase from 91.50% and 94.25% to 99.81% and 98.79%, respectively, with the increase of
roasting time from 1.5 h to 2h, and then keep constant. Meanwhile, the gold leaching extraction sharply
rises from 1.65% to 92.27% as the roasting time ascends from 1.5 h to 2h, since the carbon and sulfur
were largely removed. Thereafter, the best gold leaching extraction of 93.66% is achieved at 2.5h. As a
result, the suitable roasting time is 2.5h.
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Figure 7. Effect of roasting temperature Figure 8. Effect of roasting time
on roasting-leaching process on roasting-leaching process
Conclusions

The combined flotation-roasting-leaching process successfully treated the high carbon low-grade
refractory gold ore. It was found that beneficiating gold by the flotation of carbon was possible. The
enrichment ratio of gold was relevant to that of carbon, indicating that gold occurred in a close
association with carbon. Under the conditions of grind size with -0.074 mm of 71%, diesel oil of 3000
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g/t and sodium hexametaphosphate of 50 g/t, the optimal recoveries of gold and carbon reached 83.10%
and 90.24%, with gold grade 7.26 g/t and carbon content 12.37%, respectively. Thereafter, the removal
rates of carbon and sulfur from the flotation concentrate reached 99.81% and 98.79%,respectively, after
roasting at 600 ‘C for 2.5h. Finally, the gold in the roasted product was further enriched to 29.70 g/t
and the optimal gold cyanide leaching extraction reached 93.66%.
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Abstract

The method of chloride-hypochlorite leaching has the advantages of short process, low pollution
and higher in reaction rate compared with the traditional leaching method. In this research, NaCl
- NaClO solution is used to leaching gold from a refractory gold concentrate, and the influence
of NaCl and NaClO concentration, reaction time to the leaching rate were investigated in this
experiment. The raw materials and the leaching residue were characterized by a series of analysis
methods such as XRD, XRF, SEM and EDS. Results indicate that the leaching rate and the
desulfurization rate can be achieved at 96.26% and 98% with most optimum conditions as
follows: NaCl concentration 50g/L, NaClO concentration 200g/L, Liquid-solid ratio 10:1, the
best reaction time was 150 mins. And these conditions should be guaranteed pH<8.0,
ORP>900mV.

Introduction

Gold has been widely used in the high-tech industry due to its excellent physical and chemical
properties [1]. Gold production in China has ranked the first in the world for several years. At
present, leaching of gold by cyanide is still the most widely used technology for gold extraction,
but its long-term application prospect will not be positive, by reason of some obvious
shortcomings of cyanidation such as susceptible to impurity ions, the poor results for refractory
ores, and the toxic cyanide have a damaging effect on the environment [2,3].

With the increasingly exhaustion of easily leachable gold ores and environmental concerns,
numerous research projects have been conducted to search for a non-cyanide hydrometallurgical
process for gold extraction [4, 5, and 6]. Noncyanide lixiviants include the halide [7,8], thiourea
[9], thiosulfate [10,11] and thiocyanate systems [12], the chlorination method attracted people’s
attention by the advantages of much faster gold dissolving speed, low price and environment
friendly.

Chloride-hypochlorite solution is a completely non-cyanide system, the presence of chloride ions
can greatly reduce the dissolution potential of gold [13, 14]. Gold dissolved and formed [AuCly]
complex ions. The leaching reaction is as follows:

2Au + 3ClO™+ 6H' + 5CI'= 2AuCly + 3H,0 )
By the Eh-pH diagram of Au-Cl-H,0O system, [AuCly] can be stably exist in the acid solution
under the condition of redox potential is greater than 900mV [15].
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Materials and experiment

Properties of materials

The experimental materials is flotation gold concentrate from Hebei province in China, which
have a gold content of 107g/t. The results of XRD and petrographic analysis of the concentrate
shows the major gold minerals are native gold, petzite and kustelite, mostly are wrapped in pyrite
or as growth in mineral fissures in the shape of granular and long strips. Part of coarse native
gold is included in albite and potassium feldspar. The major metallic minerals are hematite,
pyrite, limonite, chalcopyrite, galena and trace of tellurium. The gangue minerals mainly are
potassium feldspar, albite, microcline and quartz phase, as well as a small amount of calcite,
mica, and limestone.

Experimental procedure
Before the experiments, gold concentrate was ground to more than 95% of -0.074mm by ball

grinder and flour mill. The flow diagram of experiments as shown in Fig.1.

Reagent (NaCl. NaClO,
Gold concentrate hvdrochloric acid)

Wet milling Leaching
(95% -0.074mm) solution
l preparation

Miiled gold magnetic |, pHandEh

conceniraie STITing measurement

Leaching solution Leaching residue
Leaching residue

l

Determination
of leaching rate
by FAAS

Characterization
of samples

Fig.1 The flow diagram of gold leaching experiments

Experiments were carried out in a 100mL conical flask at room temperature. The experimental
reagents mainly included sodium chloride, sodium hypochlorite solution (Active chlorine is
10%) and hydrochloric acid, the initial pH was 6.5, the liquid-solid ratio is 10:1, the solution was
stirred by magnetic stirring apparatus and rotating Speed was 600r/min. The pHS-3B acidometer
was used for pH measurement, platinum electrode was taken as indicator electrode and calomel
electrode as reference electrode. The leaching residue and leaching solution were obtained by
using filtration method after the completion of the reaction, flame atomic absorption
spectrophotometry (faas) was used for determination gold concentration in solution, and then
calculated to the leaching rate. The method of zinc dust replacement was taken in this experiment
to recovering the gold in leaching solution.
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Results and discussion

Experimental results
Fig.2 shows that the gold leaching rate with different concentration of NaCl and NaClO.
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Fig.2 The change of gold leaching rate of different NaCl concentration

As can be seen from Fig.2, suitable concentration of sodium chloride can increase the leaching
rate of gold, but too much NaCl may cause the solution potential to decrease; the optimum
concentration is 50g/t. It is worth noting that the leaching rate can reach 60% without the
addition of NaCl because of the presence of CI in hydrochloric acid.
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Fig.3 The change of gold leaching rate of Fig.4 The gold leaching rate changes over time
different NaClO concentration (25°C, Liquid-solid ratio 10:1, 50g/L NaCl,
200g/L NaClO)

NaClO is strong oxidant, high concentration of CIO™ can promote the gold leaching and the
oxidative decomposition of sulfide ores such as pyrite and arsenopyrite. The leaching rate
reached the peak when the concentration of NaClO is 200g/L (Fig.3), a greater amount of NaClO
didn’t have a positive effect on the leaching.

The Fig.4 shows the time-varying curve of gold leaching rate on the condition of 50g/L
NaCl,200g/L NaClO, liquidated ratio 10:1, 25°C and the initial pH is 6.5. The vigorously
reaction in the initial stage demonstrated good leaching kinetics in NaCI-NaClO solution system.
After two hours the reaction was almost complete, while the leaching rate had stabilized, and the
best leaching rate that can be achieved is 96.26%.

The change of Eh and pH.
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The curve of Eh and pH change over time is shown in Fig.5 and fig.6. In the early stage of the
reaction, the value of pH decreased sharply as minerals are gradually oxidized. In early stages of
reaction process, HCIO played a major role of oxidation, after 30 minutes the leaching rate
tended to be stable. When the pH less than 3.5, chlorine had become the main oxidant, the
potential gradually increased to more than 1000mv with the decreased of pH.

As shown in Fig.6, in the case of excess NaClO reagent was added, the potential can be kept at
about 1065mv in the later stage of oxidation, and this would ensure the [AuCls]” complex ion
stable exist in solution.

XRD analysis
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Fig.7 X-ray diffraction spectra of gold concentrate before and after leaching

Compare the X-ray diffraction patterns of gold concentrate before and after leaching (Fig.7), it
can be seen obviously that the diffraction peaks of pyrite disappear completely, and the peaks of
gangue components have no significant change. XRD pattern shows that pyrite is decomposed
completely, the micro-fine gold wrapped in sulfide minerals can be exposed, then react with the
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leaching agent to generate complex ions. The oxidation and leaching reaction equation as
follows:
2FeS,+15HOCI+7H,0—2Fe(OH);+4H,S04+15HCI )
2Au+3HOCI+3H ' +5CI'—2[AuCly] +3H,0 3

X-ray fluorescence analysis

The results of XRF quantitative analysis for gold concentrate before and after leaching are
reported in table 1 and table 2.

Table.1 The main chemical composition of gold concentrate

Element | Au(g/t) | Fe S Si Al Ca Mg K
(COZ;“em 107 2030 | 7.11 27.00 | 1742 696 |0.97 10.31
Element Na Cr Mn Zr Sr Pb Cu Ti
HE((%) | 657 005 [019 [006 [046 [022 [022 [0.27

Table.2 The main chemical composition of leaching residue

Element Au Fe S Si Al Ca Mg
gz;“em 397|379 0.08 60.56 | 1498 | 0.89 0.07
Element K Na Cr Mn Zr Sr Ti

(Cr,/"o;‘te“t 11.46 | 6.44 0.04 0.15 0.08 0.21 0.29

The gold content is obtained by fire assaying method. It can be seen Fe and S content decreased
obviously by comparison the data in the table, the content of S dropped from 7.11% to 0.08%,
and the desulfurization rate reached 98.87%. Most of the Fe element in pyrite was dissolved, and
existed in leaching solution in form of Fe ions, in addition, part of Fe formed Fe(OH); precipitate
into the leaching residue. Pb element in the residue was not detected, it proved a small amount of
galena was decomposed completely.

SEM and EDS Characterization

The samples were characterized by scanning electron microscopy for observing its
microstructure. Fig.8 and Fig.9 are SEM photograph of gold concentrate before and after
leaching, the bright spots is micro-fine gold wrapped in pyrite by EDS spectrum detection. From
the graph can clearly see the oxidation process of minerals, the minerals were eroded gradually
from outside to the inside. The pyrite was oxidized to Fe(OH); and showed porous structure.

Fig.8 SEM photograph and EDS Energy spectrum diagram of gold concentrate
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Conclusion

Experimental results show that NaCl-NaClO leaching system is a stable gold leaching system, it
have some major advantages of low pollution, fast reaction speed, short process and the reagents
is easy to get. Under appropriate reaction conditions, the gold wrapped in sulfide ores completely
dissolved into NaCl-NaClO leaching system to form [AuCls]” complex ions which can be stable
exist in acid solution. The leached gold in solution can be recovered by means of ion exchange
resin adsorption method or zinc dust replacement.

The concentrate reacted violently with leaching agent at the beginning of leaching, then
gradually stabilized. The characterization results showed sulfide minerals were broken down
completely after 150 minutes, the best gold leaching rate and desulfurization rate up to 96.26%
and 98.87%.

The leaching agent and oxidizer of NaCl-NaClO leaching system are low-cost common chemical
reagent, it has a great potential for application. But it still have some problems remain, the
chlorine released during oxidation process is difficult to control, the corrosion problem is also an
obstacle to the development of chlorination leaching method.

As described in the end, chlorination leaching system plays an important role in non-cyanide
gold extraction methods, but there are still many problems to be solved for industrial
applications, more theoretical and reactors studies is needed for the better development of gold
industry.

ACKNOWLEDGMENT
The authors gratefully acknowledge the financial support of the National Science
Foundation of PRC for the Research Project (2012-51234008), also the financial support of
Beijing technical development project (00012132).

References

1. Shanmugam Manivannan, Ramasamy Ramaraj. “Synthesis of cyclodextrin-silicate sol—gel
composite embedded gold nanoparticles and its electrocatalytic application,” Chemical
Engineering Journal, 2012, 210: 195-202

2. Wong Wai, Leong Eugene, Arun S. Mujumdar. “Gold Extraction and Recovery Processes,”
(Minerals, Metals and Materials Technology Centre (M3TC), 2009).

3. Jarnes L. Hendrix. “IS THERE A GREEN CHEMISTRY APPROACH FOR LEACHING
GOLD?” Papers in Sustainable Mining. 2005: 2

76



4. S. Syed. “Recovery of gold from secondary sources—A review,” Hydrometallurgy, 2012: 30-
51

5. G. Senanayake. “Gold leaching in non-cyanide lixiviant systems: critical issues on
fundamentals and applications,” Minerals Engineering, 2004. 17 (6) : 785-801

6. Rong Yu Wan, Marc Le Vier, Jan D. “Miller. Research and development activities for the
recovery of gold from noncyanide solutions,” Hydrometallurgy Fundamentals, Technology and
Innovation , 1993: 415-436

7. Morteza Baghalha. “The leaching kinetics of an oxide gold ore with iodide/iodine solutions,”
Hydrometallurgy. 2012. 113—114: 42-50

8. R. K. Mensah-Biney, K. J. Reid, M. T. Hepworth. “Kinetics of gold loading from bromide
solution onto an anion exchange resin,” Minerals Engineering. 1994. 7(7): 865-887

9. N. Gonen, E. Korpe, M. E. Yildirim, et al. “Leaching and CIL processes in gold recovery from
refractory ore with thiourea solutions,” Minerals Engineering. 2007. 20(6): 559-565

10. D. Feng,J. S. J. van Deventer. “The effect of iron contaminants on thiosulphate leaching of
gold,” Minerals Engineering, 2010, 23(5): 399-406

11. S. Syed. “A green technology for recovery of gold from non-metallic secondary sources,”
Hydrometallurgy. 2006. 82(1-2): 48-53

12. S. Vukcevic. “A comparison of alkali and acid methods for the extraction of gold from low
grade ores,” Minerals Engineering, 1996. 9(10): 1033-1047

13. Mehdi Ghobeiti Hasab, Shahram Raygan, Fereshteh Rashchi. “Chloride-hypochlorite
leaching of gold from a mechanically activated refractory sulfide concentrate,” Hydrometallurgy.
2013. 138: 59-64

14. Mehdi Ghobeiti Hasab, Fereshteh Rashchi, Shahram Raygan. “Simultaneous sulfide
oxidation and gold leaching of a refractory gold concentrate by chloride-hypochlorite solution,”
Minerals Engineering, 2013. 50-51: 140-142

15. R. Y. Wan, J. D. Miller. “Research and Development Activities for the Recovery of Gold
From Alkaline Cyanide Solutions,” Mineral Processing and Extractive Metallurgy Review, 1990.
6(1-4): 143-190

77



Rare Metal Technology 2015
Edited by: Neale R. Neelameggham, Shafiq Alam, Harald Qosterhof, Animesh Jha, David Dreisinger, and Shijie Wang
TMS (The Minerals, Metals & Materials Society), 2015

THE EFFECTS OF COMMON ASSOCIATED SULFIDE MINERALS ON
THIOSULFATE LEACHING OF GOLD

Yong-bin Yang, Xi Zhang, Bin Xu, Qian Li, Tao Jiang, Ya-xuan Wang
School of Minerals Processing and Bioengineering, Central South University, Changsha 410083, China
Keywords: Thiosulfate consumption, gold leaching, sulfide minerals, CMC
Abstract

The effects of common associated sulfide minerals including pyrite, arsenopyrite, galena and sphalerite on
thiosulfate leaching of gold were studied in this work. Sulfide minerals had significant effects on gold
leaching because that the dissolved products of sulfide minerals precipitated on gold surface to form
coating layer. The degree of sulfide minerals impact on gold dissolution decreased in the order of pyrite =
galena > arsenopyrite > sphalerite, while the degree of effects on thiosulfate consumption decreased in the
order of pyrite > arsenopyrite > sphalerite > galena. The additive CMC (Carboxymethyl cellulose) could
not only reduce thiosulfate consumption but also increase gold dissolution. The mechanism of this might
be that CMC could restrict the decomposition of thiosulfate by cupric ions and the precipitates on gold
surface.

Introduction

Thiosulfate is one of the most promising alternative lixiviant in gold leaching. But, the industrial
application of thiosulfate method is rare [1]. One of the limitations is the high consumption of thiosulfate
by copper ammonia, as shown in Eq. (1).

2[Cu(NH;3)4]* +88,0:7=2Cu(S,03);” +8NH;3+S,06> 6

Tetrathionate generates in Eq. (1) will undergo further reactions to produce higher or lower
polythionates, sulfide ions, sulfur, etc [2]. These products originated from thiosulfate decomposition
could form a compact film on gold surface, and hence passivated gold leaching [3].

Since gold always associates with sulfide minerals, the dissolution behavior of common sulfide minerals
could influence thiosulfate solution and hence influence thiosulfate leaching of gold [4].

D. Feng studied the dissolution rates of sulfide minerals in ammonia thiosulfate solution, which
decreased in the order of chalcopyrite > pyrrhotite > arsenopyrite > pyrite [5]. Step further, Chen Xia
studied the effects of various minerals on thiosulfate leaching of gold. The study showed that ferrous
minerals, lead-bearing minerals and common copper minerals all had detrimental effects on gold
leaching [6]. Aimed at the detrimental effects, some chemical additives were proposed such as CMC.
Additive CMC could not only reduce thiosulfate consumption but also enhance gold dissolution in
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thiosulfate leaching in the presence of sulfide minerals [1]. The mechanism for this might be that CMC
could reduce the coordination of thiosulfate by copper and the dissolution of sulfide minerals.

Above all, the effects of sulfide minerals on thiosulfate leaching have not systematically studied. The
purpose of this paper is to study the effects of four types of sulfide minerals on thiosulfate leaching of
gold. The intensification effect of CMC on thiosulfate leaching of gold was also studied.

Experimental

Minerals and reagents

Gold foils (99.99%Au, thickness 0.6mm) were used in the experiments with a surface area of 0.38cm”.
Pyrite, arsenopyrite, galena, sphalerite and quartz samples were obtained from Mineral Specimen Market,
Wuhan, China. All minerals were dry milled in a planetary ball mill to the size of 45-75um, and then
stored in air-tight plastic bags to avoid further oxidation. XRF results showed that all these minerals were
over 93% purity. Laboratory grade sodium thiosulfate pentahydrate, ammonia water (25%) were provided
by Qingzhong Chem Supply Pty Ltd. Analytically pure cupric sulfate, hydrogen peroxide (30%) and nitric
acid were used. De-ionized water was used during all experiments.

Detection techniques

Elemental concentrations in solutions were determined by atomic absorption spectrum (AAS), it is
necessary to oxidize sulfur species to stable sulfates before elemental analysis. The thiosulfate
concentration was determined by iodometric method. In order to eliminate the effects of the cupric
tetra-amine complex and sulfite on iodine titration, a certain amount of EDTA and formaldehyde were
added prior to the titration with the indicator Vitex.

Experimental method

Experiments were conducted in a 250 ml beaker with 200 ml leaching solution. Then a gold foil was
suspended in the middle of the solution for leaching. The stirring speed was maintained at 200 rpm by
electric blender (IKA EURO-STPCUS25). All experiments were performed at 25°C. Samples were taken
continuously at certain intervals during a total 24 h leaching. The samples were centrifuged and filtered
for the subsequent iodine titration and AAS analysis. All experiments were conducted with the reagent
dosages of 0.1 M Na,S;03¢5H,0, 0.012 M CuSO4*5H,0 and 0.5 M NH4OH at pH 10.3 with minerals at
10 g/L.

Results and discussion

A comparison of the effects of sulfide minerals on thiosulfate leaching

Based on the inert properties of quartz, it can be used as standard in thiosulfate leaching of gold [5]. As it
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exhibited in Figure 1a, compared with quartz system, all sulfide minerals had detrimental effects on gold
dissolution in thiosulfate leaching of gold. Therein, pyrite and galena had the largest detrimental effects
on gold dissolution, in comparison, the presence of arsenopyrite and sphalerite were less detrimental. In
specific, sphalerite had minor detrimental effect and arsenopyrite appeared to be moderately detrimental.
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Figure 1 Effects of various sulfide minerals on (a) gold dissolution and (b) thiosulfate consumption.
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As it depicted in Figure la, the degree of sulfide minerals impact on gold dissolution decreased in the
order of pyrite ~ galena > arsenopyrite > sphalerite. It was found that it might be the coated layer on gold
surface which would act as a physical barrier that passivated gold leaching [8]. In addition, the heavy
metal ions, such as, iron ions or lead ions would compete with gold to complex thiosulfate and thus
reduced gold leaching [9].

The effects of sulfide minerals on thiosulfate consumption are shown in Figure 1b. The standard quartz
system consumed about 33% of thiosulfate after 24 h leaching. In the presence of galena, thiosulfate
consumption was almost the same as that in standard quartz system, i.e., galena had the minimal
detrimental effect on thiosulfate consumption among these four minerals. In comparison, thiosulfate
consumption was almost up to 50% in the presence of arsenopyrite or pyrite. The effect of sphalerite
was moderate. As formerly suggested by Moses, sulfide minerals were semi-conductive [7]. It is the
absorption of thiosulfate on the surface of sulfides that accelerate the transfer of electrons from thiosulfate
to oxygen, and thus, contribute to the increased consumption of thiosulfate.

To sum up, in thiosulfate leaching of gold, pyrite is the most detrimental mineral both on gold dissolution
and on thiosulfate consumption. On the contrary, sphalerite is the mildest among these four minerals.

The dissolution behavior of sulfide minerals
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Figure 2: Dissolution behavior of sulfide minerals in thiosulfate leaching-a comparison.

Figure 2 presents the dissolution behavior of four types of sulfide minerals in thiosulfate leach solution.
The concentration of Fe, Pb, Zn and As can be used to represent the dissolution behavior of pyrite,
galena, sphalerite and arsenopyrite in the leaching solution, respectively. As it shown in Figure 2, the
initial dissolution kinetics of sulfide minerals is fast but, subsequently slows down with time. The
dissolution of sulfide minerals in thiosulfate solution decreased in the order: arsenopyrite > sphalerite >
galena = pyrite. The degree of sulfide minerals impacted on gold dissolution decreased in the order of
galena ~ pyrite > arsenopyrite > sphalerite.

Above all, the lowest dissolution of pyrite had the largest significant detrimental effect on thiosulfate
gold leaching. It was found that the dissolution of pyrite would ultimately produce the precipitates of
iron hydroxide [10]. The precipitates can not only coat on the surface of sulfides but also on the leached
surface of gold, and thus, passivated gold leaching. Similar to the effect of pyrite, the dissolution of
galena would form the precipitate of lead oxide, which would also coat on the leached gold and thus
hindered gold leaching [9].

More specifically, the reason why a smaller dissolution of pyrite or galena plays a big role on gold
leaching could be summed up in the following: firstly, the micro scale iron hydroxide or lead oxide
precipitates have a strong affinity for gold surfaces [11]; secondly, the heavy metal ions originates from
sulfides dissolution would compete with gold to complex thiosulfate.

The dissolution of sphalerite and arsenopyrite were larger in thiosulfate leach solution, compared with
the dissolution of pyrite. As it formerly referred, zinc oxide is the product of thiosulfate leaching in the
presence of sphalerite [12]. As it shown in Figure 1 and 2, the largest dissolution of sphalerite had the
lowest detrimental effects on gold leaching. The reason for this might be that zinc oxide layer is porous
and less detrimental. Thus, sphalerite is the mildest on thiosulfate leaching of gold.

The intensification effect of CMC

Effect of CMC on thiosulfate leaching in the presence of arsenopyrite Figure 3a shows that the kinetics of
gold leaching increases in a large scale initially and basically unchanged afterward with additive CMC in
thiosulfate leaching of gold in the presence of arsenopyrite. With additive CMC, the content of gold
dissolution was even larger than that in standard quartz system. It was found that thiosulfate leaching in
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standard quartz system produces the precipitates of copper sulfides, sulfur etc on gold surface that
inhibited gold leaching [12]. While in the presence of arsenopyrite, the precipitates of cuprous sulfide,
sulfur, iron arsenate and iron hydroxide would deposit on the leached gold surface and then hindered
gold leaching [6]. Thus, it is reasonable to suggest that CMC could effectively reduce the precipitate of

sulfur, copper, arsenate and iron species on gold surface and thus largely improved thiosulfate leaching
of gold.
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Figure 3 Effect of CMC on (a) gold dissolution and (b) thiosulfate consumption in thiosulfate leaching in
the presence of arsenopyrite. Dosages of CMC: 100mg/L.

Figure 3b shows that the additive CMC preferably reduced thiosulfate consumption in the presence of
arsenopyrite. The intensification effect of CMC on reducing thiosulfate consumption was obvious at the
initial period but came down afterwards. As shown in Figure 3b, after 24 h leaching in the presence of
arsenopyrite, thiosulfate consumption was about 40% with additive CMC, but, it was 47% without
additive.

The mechanism of CMC on reducing the negative effects of sulfides in thiosulfate leaching of gold will
be summed up together below.

Effect of CMC on thiosulfate leaching in the presence of pyrite The influence of CMC on thiosulfate
leaching in the presence of pyrite is reflected in Figure 4. Additive CMC could improve the dissolution of
gold in some extent, but the improving effect on gold dissolution is not as large as that in arsenopyrite
system. CMC is a traditional additive that plays a role of mineral surface passivation agent. Deventer
suggested that the adsorption of CMC on the surface of pyrite largely reduced the catalysis effect of it

[1]. So, the reductive surface of pyrite would be passivated and then the detrimental effect of pyrite was
hindered.

&3



N
w
3

—=— standard quartz]
a —a— pyrite b
—e— pyrite+tCMC

y
T

a0 |

ES
- =
= st £
El =
] £ 30
=40 H
& s
g 3r . 2 20
=
2 £
= _— =
=) - e 2 10+
= —e— pyrite+tCMC
=1 —a— pyrite
o X X . —m— standard quartz,

0 s 10 15 20 25
Time/h Time/h

Figure 4: Effect of CMC on (a) gold dissolution and (b) thiosulfate consumption in the presence of pyrite.
Dosages of CMC: 100mg/L.

In the presence of pyrite, the addition of CMC decreased thiosulfate consumption from 49.5% to 43.5%,
shown in Fig. 4b. But the reducing effect of CMC on thiosulfate decomposition in the presence of pyrite
was not as effective as that on arsenopyrite system.
Compared with pyrite, CMC was more effective in reducing the detrimental effect of arsenopyrite both
on gold dissolution and on thiosulfate consumption.

Effect of CMC on thiosulfate leaching in the presence of galena Figure 5 shows the influence of CMC on
thiosulfate leaching of gold in the presence of galena. Compared with Figure 4, the improving effect of
CMC on gold dissolution was more prominent in the presence of galena. Figure 5b shows that the effect
of CMC on reducing thiosulfate consumption in the presence of galena was significant, despite of the
minimal detrimental effect of galena on thiosulfate consumption, formerly discussed in 3.1.
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Figure 5: Effect of CMC on (a) gold dissolution and (b) thiosulfate consumption in the presence of
galena. Dosages of CMC: 100mg/L.

Effect of CMC on thiosulfate leaching in the presence of sphalerite Figure 6a shows that the additive
CMC could slightly promote the dissolution of gold in thiosulfate leaching of gold in the presence of
sphalerite. As it shown in Figure 6b, thiosulfate consumption was reduced from 40.6% to 35.6% in the
presence of sphalerite by adding additive CMC. Even though the reducing effect on gold dissolution was
minimal, but considering the reducing effect on thiosulfate consumption, it is reasonable to conclude
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that CMC was also an effective additive in thiosulfate leaching of gold in the presence of sphalerite.
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Figure 6a: Effect of CMC on gold dissolution in the presence of sphalerate. Figure 6b: Effect of CMC on
thiosulfate consumption in the presence of sphalerite. CMC: 100mg/L.

Above all, the additive CMC could relive the detrimental effects of sulfide minerals in thiosulfate
leaching. The effectiveness of CMC might be like this: CMC obviously depressed thiosulfate
decomposition by weakening the interactions between cupric ions and thiosulfate and by reducing the
catalysis effects of sulfide minerals; CMC could reduce the precipitates on gold surfaces by its
negatively charged functional groups and its non-selective adsorption.

Conclusions

(1) Different sulfide minerals have different detrimental effect on gold dissolution as well as on
thiosulfate consumption in thiosulfate leaching of gold. The effects of sulfide minerals on gold
dissolution decreased in the order of arsenopyrite > sphalerite > galena =~ pyrite, while the descending
order on thiosulfate consumption follows pyrite > arsenopyrite > sphalerite > galena. Synthesizes these
two effects, pyrite is the most detrimental one among the four studied minerals in thiosulfate leaching of
gold.

(2) The relative leaching rates of sulfides in thiosulfate leaching were in the order of arsenopyrite >
sphalerite > galena > pyrite. It is likely because of the products on gold surface originated from sulfide
dissolution and thiosulfate decomposition that largely detriments thiosulfate leaching of gold.

(3) Additive CMC could reduce the detrimental effects caused by sulfide minerals at varying degrees.
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Abstract

A process has been developed to extract gold, silver, indium, gallium, lead, copper, zinc, and
other metals from a large resource using an oxidizing acid chloride heap leaching technology.
The ore is crushed and/or ground to improve reactivity and then contacted with a solution
containing NaCl-HCI-NaOC]l. The value metals are leached into solution as chloro-complexes.
The leachate is treated in a series of separation and recovery processes to produce separate
saleable or disposable products. The paper will provide a summary of process development and

application to a silver-indium ore from Bolivia. The possible application of the process to other
ore types will be presented for discussion.

Introduction

Malku Khota is situated in the eastern part of the Bolivian Altiplano at elevations between
approximately 3,800 to 4,580 meters above sea level. The project is located 98 km east-southeast
of Oruro, and 85 km south of Cochabamba in a relatively remote area.
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Figure 1. Project Location in Bolivia
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The Malku Khota deposit has major values in Ag, In, Ga, Cu, Zn and Pb. Armitage et al (2011)
summarized the measured and indicated resources and inferred resources for the project as
shown below. Small amounts of gold are also found in the deposit.

Table 1. Resource Statement for Malku Khota (Armitage et al, 2011).

Resource Measured Indicated M-+1 Inferred

Tonnes 30,989,448 224,001,987 254,991,434 230,013,794

Ag (g/t) Grade 334 273 28.1 18.9
Ozs 33,319,487 196,960,598 230,280,085 140,027,216

In (g/t) Grade 6.1 5.8 5.8 4.1

Tonnes 188 1,293 1,481 935

Grade 4.5 43 43 43

Ga (@ Tonnes 139 943 1,082 1,001

Cu (%) Grade 0.02 0.02 0.02 0.02
Lbs 13,947,823 106,366,881 120,314,704 102,081,329

Pb(%) Grade 0.07 0.07 0.07 0.07
Lbs 48,665,367 404,649,086 453,314,453 362,157,607

Zn(%) Grade 0.02 0.05 0.04 0.05
Lbs 16,239,090 230,573,723 246,812,812 240,292,377

Notes: The resource cut-off grade of 10 g/t Ag equivalent is based only on the values of Ag ($16
USD/oz) and In ($550USD/kg). Estimated metal content does not include any consideration of
mining, mineral processing, or metallurgical recoveries.

The preliminary economic assessment by Armitage et al (2011) presented the base case
development plan for the Malku Khota project at a scale of 40,000 t/d of ore treatment by an acid
chloride heap leach process. The acid chloride process was successfully tested in order to extract
the metals of value in the ore and produce final or intermediate products for sale. An alternative
process involving cyanide heap leaching was also examined. As cyanide leaching was not able
to recover indium and gallium the preliminary economic assessment was focused on the acid
chloride leach process. The development of the acid chloride metallurgical process is described
below.

Metallurgical Process Development

Mineralogy

The mineralization at Malku Khota is confined primarily to relatively shallow water to acolian
sandstone sequences and is believed to be sedimentary exhalative (SEDEX) in origin. The
SEDEX related disseminated silver mineralization is associated with silver, lead, zinc, and barite.
A later hydrothermal event introduced gold and bismuth and additional silver, base metals,
indium and gallium. Earlier mineralization may have been partially redistributed by the
hydrothermal event.

The majority of the disseminated silver mineralization at Malku Khota is hosted within the
sandstones in the Malku Khota and Upper Wara Wara Units. The silver minerals identified in
outcrop, tunnels and drill holes are mostly in the form of sulfides (acanthite), complex
sulphosalts, oxides, iodides, and bromides often including iron, lead, and antimony in their
structures. Ore minerals include acanthite, jamesonite group minerals (including owyheeite),
fizyelite (Pb,Ag,Sb sulfide), Pb,Sb,Ag,Cd sulphosalt, silver, cerargyrite minerals, silver oxide,
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pyrite, galena, sphalerite, tetrahedrite and tennantite (one sample), copper sulfide (only in a few
samples), lollingite (one grain), native bismuth, bismuthinite, arsenopyrite, greenockite, barite,
valentinite (Sb oxide), stibioconite (Sb oxide), bindheimite (Pb,Sb oxide), scorodite (iron
arsenate), massicote (Pb oxide), plattnerite (Pb oxide), tripuhyite (Fe,Sb oxide), eriochalcite (Cu
chloride), stetefeldite (AgSb hydrate), stibnite, iron oxides, zinc oxide. Sulfides and oxides have
a very small grain size and are commonly intermixed. Only under the SEM or with X-ray
diffraction could they be determined. Acanthite is distributed in cracks in the sulphosalt, and in
microfractures in quartz and barite (Hansley 2011). Metal oxides were clearly derived from the
sulfides, the latter occurring as remnants in oxides.

Specific indium minerals have not been found but there is mounting evidence that the indium
occurs within the minerals jamesonite and acanthite.

Secondary minerals within the sandstones include specular hematite, hematite, crandallite,
kaolinite, illite, strontianite, chlorite, carbonate cement, calcite, rutile, primary and secondary
monazite, primary and secondary tourmaline, ferroan carbonate, muscovite, plumbogummite
(PbAIPOy), anglesite, and anatase.

Three areas of strata-bound silver mineralization have been identified, the Limosna, Wara Wara
and Sucre zones. This mineralization occurs within a strike length of approximately 4 kilometers
and widths of 20 to 200 meters but is open along strike and to depth.

The deposit contains a large number of minerals with values in precious, rare and base metals.
The balance of the gangue mineralization consists primarily of sandstone. The mineralogy of an
ore deposit typically guides the metallurgical development team as to possible routes for
extraction of valuable metals. The varied mineralogy (predominantly oxides with some sulfides)
and lower grade nature of the deposit focused the development effort on heap or vat leach metal
extraction with a lixiviant with the ability to extract the full range of metals. The acid chloride
system was selected based on the ability of chloride to complex with the key metal values in the
ore including silver and indium.

Leaching Studies

The leaching of value metals from Malku Khota ore can be represented by simplified reactions
for elements, oxides and sulfides of various value metals. The acid chloride system can be
represented as a mixture of acid (HCI), chloride source (NaCl) and oxidant (NaOCIl (bleach)).
The chloride salts of In, Ag, Au, Cu, Zn, Pb and Ga are water soluble in the following reactions.

In203 + 6HCl = ZIHC13 + 3H20

Ag,O + 2HCI + 2NaCl = 2NaAgCl, + H,O

Ag>S + 2HCI + NaCl + NaOCl = 2NaAgCl, + S + H,O
Au + 3HCI + 1.5NaOCl = NaAuCly + 1.5H,0 + 0.5NaCl
CuO + 2HCI = CuCl; + H,O

CuS + 2HCI + NaOCl = CuCl, + S + NaCl + H,O

ZnO + 2HC1 = ZnCl, + H,O

ZnS + 2HCI1 + NaOCl = ZnCl, + S + NaCl + H,O

PbO + 2HCI = PbCl, + H,O

PbS + 2HCI + NaOCl = PbCl, + S + NaCl + H,O
G8.203 + 6HCl = 3GaCl3 + 3H20
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The consumption of acid in the leaching process is dictated by the acid consumed in the above
reactions. The presence of acid consuming minerals of iron, aluminum, calcium, magnesium,
manganese, antimony, arsenic and other metals is undesirable as demonstrated by the following
simplified reactions (for example). These reactions all consume acid.

Fe,0s + 6HCI = 2FeCl; + 3H,0

FeO(OH) + 3HCI = FeCl; + 2H,0

AlLOs + 6HCI = 2AICl; + 3H,0

AIO(OH) + 3HCI = AICl; + 3H,0

CaCO; + 2HCI = CaCl, + CO, + H,0

MgCO; + 2HCl = MgCl, + CO, + H,0

MnO + 2HC1 = MnCl, + H,0

Sb,05 + 2HCI = 2SbOCl + H,0

As;05 + 3H,0 + 2NaOCl = 2H3AsO, + 2NaCl

The consumption of acid by these reactions is largely unavoidable and dependent on the minerals
present in the raw material, the acid concentration employed in the process, the leach time and
the temperature of leaching.

The result of treating Malku Khota ore with acid chloride leach solution would be expected to be
a mixed solution containing remaining free acid, salt and dissol