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1 INTRODUCTION

In this deliverable (D4.1he rdevant production lines of CRMs, including production, applications, primary
resources for production anehain industrial actorsare identified Flow sheets afineral and metallurgical
processing are analysed and recognized, and further the main cheflertated to CRM recovetgchniques
are identified.Additionally, the mining tailingand processing residues are characterized.

Contributors:

Xianfeng Hu, Lena Sundgqvist aluhan ErikssofMEFOS)CHROMIUMCOKING COANATURAGRAPHITE
MAGNESIUMSILICON METAYANADIUM

John BachefVTT)GALLIUM
Elina Y#RantalaVTT)NATURAL RUBBERIOSPHATE RQEKOSPHORUS

Jason Yang (GTBARYTEPLATINUMSROUP METALS (PGRARE EARTH ELEMENTS, REAYDIUM
TUNGSTEN

D] Z s GE({IMND:ANTIMONYQOBALTGERMANIUM, INDIUM

Teodora Retegan (ChalmerBERYLLIUMBORATEFLUORSPAR, TANTALUM, BISMUTH, HAFNIUM, HELIUM

dZ]s % E}i 8§ Z e« E ]JA (uv JvP (E}lu 83Z pE}% Vv hv]}v[e ,JE]I}v TiTi E
programme under grant agreement N@0227

SCRREEN D{environmental trends and circular economy asped@sv.(



2 ANTIMONY

2.1 PRODUCTION LINES IOENTIFICATION FRNRIMARY RESOURCES

Antimony (Sbt stibium) is a chemical element of atonmiumber 51, positioned in the periodic table of elements
between metalloids (such as As, Bvertically, and Sn, Té horizontally), and exhibiting similar amphoteric
properties. Its properties in metallic state, such as electrical and thermal condyetivitmechanical properties,

are rather poor, so as a metal antimony is not use alone. Being hard and brittle and expanding during
solidification metallic antimony is used as alloying element in limited group of alloys, where these properties
suits to gairspecific properties (such as: antimonial lead, babbits and type alloys).

Antimony compounds, such as, especially, diantimony trioxideOggbnamed widely as ATO, and also
antimonates play much more important role in recent technical application fiddésg highly valued as
catalysts, pigments and components of flame retardants.

Antimony is used mainly in the production of flame retardants as well as battery alloys, sliding bearings, welding
agents, electronics and pharmaceuticals. Addition of antimigsniypcreases strength and toughness of metals.
Antimony ores may be found mainly in China, Russia and South Africa. Chine itself for the most of the world
production accounting for more tan 50% of the global production.

2.2 PROCESSING TECHNIQBRECOGNITION BMNALYSIS

2.2.1 MINERAL PROCESSING

Antimony is a rare element, with abundance in the Earth crust of 0.2 ppm. In spite of this, it is a component of
numerous minerals of an oxidic and especially sulphidic types. The most important antimony minerals present
in exploited ore deposits are: stibnite (Sb2S3), berthierite (FeSb2S4), boulangerite (Pb5Sb4011), stephanite
(Ag5SbS4), jamesonite (Pb4FeSbh6S14), bournonite (PbCuShS3), tetrahedrite ((Cu,Fe)12Shb4S13), freibergite
((Ag,Cu,Fe)12(Sh,As)4S13), gudmundite (FeSlmsnnite (NiSbS), dyscrasite (Ag3S), breithauptite (NiSb),
kermesite (Sb2S20), valentinite/senarmontite (Sb203). Stibnite is the principal source of mined antimeny, but
being widely distributed mineralts economically valuable deposits are not commey( XikuangshamChina,
Murchison t South Africa Rep. [Schwatdchampera 2014].

Generally mined antimony bearing deposits contain from 0.1 to 2 wt.% Sb, and antimonyiscdbyt of
gold, silver, lead or zinc sulphidic ores. The presence of pregietas is often a deciding incentive for parallel
antimony recovery.

Antimony world reserves are estimated to about 1.5 million metric tonnes and recent mine production
counted at about 130,000 metric tons [USGS, 20ikAistributed between few counes: Chinat 100,000 mt.,
Russiat 9,000 mt, Tajikistart 8,000 mt, Boliviat 4,000 mt, Australia (Mandalay)3,500 mt, Myanmart 3,000
mt, Turkeyt 2,500 mt, Viethamt 1,000 and Mexico (US Antimony Corp1),300 mt, South Africa (Murchison
Cons.)tunknown, Canada (Beaver Brook¥uspended activity.

The mineral processing of mined ores is rather tedious activity, comprising: crushing, sorting (including
sometimes hand sorting, e.g. at Chineese miners), grinding and physical separation techniques, such as gravity
upgrading and flotation, which produeggraded concentrates with diffent value (from above 5 wt.% Sb to
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about 60 wt.%Sb), leaving behind gangues and tailings with Sb content of about 0.2 wt.%, that should be
landfilled accoréhg to local environmental law.

The list of major world miners compas among others [Schwat&hampera, 2014]:

- Chineeset Hsikwanghan Twinkling Star, Hunan Cheznu Min., China Tin Group, Shenyang Huacheng
Antimony;

- Australiant Mandalay Resources

- Russiant GeoProMining

- South Africant Murchison Consolidated

- Tajkistanish t Anzob

- Turkisht Cengiz & Ozdemir Antimuan Madenleri.

The produced antimony concentrates are further processed either on site or exported to other processors.

The other primary source for antimony recovery are thepbgducts from refining o€rude lead, recovered
from processing of primary copper and leaidic concentrates; in this instance the usual route of action is
smelting of antimonial lead, with Sb content up to 20%, suitable for manufacturing of differedb RHoys
according to matet demand.

2.2.2 METALLURGICAL EXTRA®GI

2.2.2.1 ANTIMONY RECOVERDMRPRIMARY SOURCES

The upgraded antimony concentrates from primary source (ore mining and mineral processing) contain
different Sb concentrations, what determine the methods applied for their preiogseither pyrometallurgical
of hydrometallurgical.

PYROMETALLURGICAL METHODS

Generally, the concentrates of the lowest grade of sulphidic type (wRB% Sb content) are volatilized to raw
Sb203; the medium grade (with-20% Sb content) are smelted blast furnace; and the high grade
concentrates (with 4%0% Sb content) are processed by liquation or reduction with iron (so called iron
precipitation). These methods are characterized more detailly below [Anderson, 2012, Buttermann, 2004].

Oxide voldlization

Recovery of antimony as volatile Sb203 is the only method suitable for the low grade sulphidic antimonial
concentrates, being at the same time almost thermally autogenic process. There are many variants of oxide
volatilization supported by theasne principles, but realized in different equipment. Sulphur is being burned of
at about 1000°C and removed as waste gas, while Sb203 vapours are condensed and collected in gas cleaning
system (condenser, Cottrell/precipitator, baghouse). The reactiomgasfting and volatilization occur almost
simultaneously after heating the charge (concentrate + coke or charcoal) under controlled condition in
pyrometallurgical unit, such as shaft furnace, rotary kiln, converter or roaster. This method could be able to
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produce high grade Sh203 suitable for the use in ceramics and other applications only under special attention
of controlling the process condition§he principal reactions are as follow:

2ShS+9Q W2 ShOs + 6 S@
2 Sb + 1.5 OWShOs
Sulphide liquéon

Antimony sulphide could be readily but inefficiently separated by heating te68R0C from gangues of
comparatively rich sulphidic Sb concentrate. The process is performed in reverberatory furnace under reducing
conditions to avoid oxidation of antiomy and loss by volatilization, whereas liquid Sb2S3 drips from charge
placed in perforated pots or drums. The liquated product, called crude, liquated or needle antimony, is sold for
applications requiring antimony sulphide, ¢is reduced to metallic ate by iron precipitation, or roasted to

ShOs followed by reduction in reverberatory furnace. The principal reaction of liquation method is as follow:

"6 732<“—i<T

Oxide reduction

Antimony oxide concentrates are reduced to metal with coke or charcoal in reverberatory furnaces at about
1200°C. To minimize volatilization and to dissolve residual sulphides and gangues the alkaline flux is usually
used. In spite of this, the loss of 8bm charge by volatilization as Sb203 is high (over 15%heeffective

gas cleaning system should be applied for collection of Sb203 dust, that is returned to the charge. The
reactions ofantimony oxide reduction are as follow:

»6 7Eu \t,,EU 6

E o7t

Iron precipitation

This method is intended for rich sulphide concentrates or liquateggSlorude antimony), and consists in
reduction of molten antimony sulphide by fine iron scrap used in amount slightly exceeding stoichiometric
requirement ofreaction:

.6 7EU 7 t ,Eu %

The melted charge is covered with sodium sulphide layer, created by reaction of sodium sulphate with carbon,
or the slag is added to create liquid matte with iron sulphide what allows the separation of metallic antimony.
As thereduced antimony is contaminated by iron and sulphtire second fusion with some liquated :Spand

salt is necessary for product purification.

Blast furnace smelting

Medium quality grade of oxide or sulphide or mixed antimony concentrates, and alstidiq residues, mattes,

rich slags and briquetted fines or dusts are processed in blast furnaces atl480. It is a method of choice
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for all fed materials with 2810% Sb, where the charge mixed with fluxes creates a mixture that prevents losses
due to volatilization. The reactions that take place in this method are as follow:

t . 67E{ 67 t .6 7EX &

t,,67E,,677X,,E 6

HYDROMETALLURGICAL METHODS

Hydrometallurgical methods are useful for processing all kinds of antimony concentrates. Gehéesally

methods comprise twestage leaching followed by electrowinning. There are available only two lixiviant
systems used for leaching of antimonial charges: alkaline sulphide system and acid chloride system, whereas
the former predominates.

The alkaline slphide system

The leach solution here is a mixture of sodium sulphide or polysulphide and sodium hydroxide. The principal
reactions of leaching for sulphidic antimony concentrate are as follow:

fe E e 77 t f .6
f w6E fe 7 f7.7
VeagEX f 7 t fe E fes 7EU 6
SFs; cxE fe 7 fevaSLtJIw
fe vE:TFS; f7 , 7\ :TFs; f; , sE fe

Created sodium thioantimonites (M8bS) and thioantimonates (N&b$%) are reduced in electrolytic cells with
or without diaphragm according to cathodic reaction:

o SEUF\ L kcEu®?
The metallic antimony cathodes after washing could be of substantial purity, over 99.5 wt.%.
The acidic chroride system
The leach solution here comprises hydrochloric acid, often with additions of ferric chloride.
The principal reactions of leaching frlphidic antimony concentrate are as follow:
6 7EX 2\t , ZEu 4
TZE ,6,\t, ZEXx $4Eu y

Here ferric chloride is at the same time an oxidizing and chloridizing agent, solubilizing antimony to chloride
complex and separating sulfur in elemenfiadm.

The leaching reaction for oxidic antimony concentrate follows the equation:
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.6 7TEX*%MN t , ZEuU ¢
without the need of Fe@presence.
Produced antimony chloride are reduced in electrolytic cells with diaphragms, according to cathodic reaction:
"7> E U:t? \ wKCra
In the case of Fegjbresence, it is regenerated according to anodic reactions:
7\ FE 7
uZE "\ 12

Antimony chloride could be alternatively processed by hydrolysis with precipitation of solid antimony
oxychloride, which after ammma treatment is converted into pure antimony oxide. The mechanism of this
treatment is explained by following reactions:

. 4E s \ , ZEt Z

Vv, ZE s\ ,594Et Z

t, ZEt g \ s 7Et g ZE 4
s 9 AEt g \t s Et g ZE 4

The depicted above lyometall