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INTRODUCTION

L

In this reportthe miningand mines of refractory metals, tungsten, tantalum, molybdenum,
niobium and rhenium in Europe and the world are descrthecénd thetechnologies of
mining, mineral processing and extractive metallurgy (hydrometallurgy and pyrometallurgy)
are reviewed omrecovery of refractory metalsom primary resources. Based on metgbe
the document isassigned into five chaptersChapter 1 Tungsten, Chapter 2 Tantalum,
Chaper 3 Molybdenum, Chapter 4 Niobium and Chapter 5 Rhenium.

Becauseiobium and tantalum usuallcooccur in the same minerals or the same mineral
deposits the mining and mineral processing technologies of two metals are jointly
introduced in Chapter 2 Tantalum. In additishenium is produced as gyroduct in Mo and
Cu processing, or in other wadhenium is mainly recovered from the secondary
resources The technologiesf the pyro and hydrometallurgical processing of rheniara
covered in the work package 3 for secondary resources.
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CHAPTER 1 TUNGSTEN

L

GENERAL FLOWSHEETPEGBEDUCTION

The general flowsheet afingsten producion includingmining, mireral processingnd
extractive metallurgys shown in the igure 1-1 [2].

_mi i il Hydrometallur
Runof-mine ore  =——>{ Crushing& Milling (chemic)elll processingg)i/ncluding Scrapand residues
l | pressure leaching, filtration, solverft (4095%W0;)
extraction and precipitation)
Pre-concentration
(photometricor UV ‘l’

fluorescence and air blast

separation) Intermediatetungsten

compounds, e.g. APT

L l

Orebeneficiation

——> Various uses

(gravity, magnetic , electrostatic Pyrometallurgy
separation, flotation etc. ) (rotary furnace, batch/pusher
furnace or calcination)
Directuse in steel Tungstenconcentrate l’
manufacture (6575% WO3)

Tungsten metal, trioxide, — Various uses
carbide or alloys

Figure 11 The generaflowsheet of tungsten production

MINING

ORE DEPOSIT TYPES

Three types of tungsten deposits are: Classical vein deposits, Skarn deposits and Bulk
mineable deposits (greisen, porphyry, stockwddd].

Classical vein deposits contaimore or less continuous veins of decimetres to metres in
thickness, mainly compiisg quartz in granite itself or in surrounding host rock. Most
deposits have ferberite or hubnerite mineralisation, but scheelite vein deposits do also
occur. Typical tonnages are from few 10sfew 100,000s of tonnes of ore with typical
grades of 0.5¢ 5% WQ. Sn typically coccurs as byproduct. Object of mining is the
individual quartz vein with its content of tungsten mineralisation. Examples of active mines
are: Panasqueira in Portugal; San Fix in Spasta Bueno in Peru and Chollja in Bolivia.

Sarn deposits are formed kbgplacement of carbonate rock (e.g. limestone) by -sdicate
minerals (garnet, epidote, amphiboles and others) near to the contact of a granitic / felsic
intrusion. Mineralisation might be monmetallic tungsten (almost exasively as scheelite)

or polymetallic (often with Mo or base metals: Pb, Zn, Cu), also together with gold, fluorite
or magnetite. In some cases, tungsten is onhplgduct. Typical tonnages are few million
tonnes, but much larger deposits are found. Tgpgrades are 0.8 1% WQ. Examples of
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active mines are Cantung in Canada; Shizhuyuan in China; \2ostékussia; Los Santos in
Spain; Bonfim and Brejui in Brazil.

Bulk mineable depositare either WSn or WMo deposits. Both scheelite and wolframite

occur in bulk mineable deposits, and some deposits contain both minerals together, which
leads to problems with beneficiation as mixed concentrates are more difficult to market.
Typical tonnages are dozens or hundreds of million tones with typical grades0.3%

WGQ;. Object of mining is not the individual mineralised vein but the entire rock mass
including the quartz or greisen veins. Examples of mines include Lianhuashan in China and
Mittersill in Austria.

TUNGSTEN MINES INREQPE AND THE WORLD

Accordng to the most recent US Geological Survey (USGS) report [16] on the metal, world
tungsten production reached 87,000 metric tons in 2046, aA Y ONB I &S 2 @SNJ Hamn
metric tons Top 10 production countries in 2015 are China (71,000 metric tons), ¥fietna

(5,000 metric tons), Russia (2,500 metric tons), Canada, Bolivia (1,200 metric tons), Rwanda
(1,000 metric tons), Austria (870 metric tons), Spain (730 metric tons), Portugal (630 metric

tons) and UK (600 metric tons)[12].

China is the largest producef tungsten. Its mine production in 2015 was 71,000 metric

tons. The top 10 tungsten mines in China are listed in Tatlelbeir annual output are

from 1,350 to 5,750 tons of WOXianglushan mine is the largest mine in Jiangxi China with

the reserves 0217,000 tons of W©

Table 1 Top 10 tungsten mines in China

Reserves Mt and

Deposit Name Company Location and Country Status grade WQ %
Xianglushan Jiangxi Xiushui Xiushui, Jiangxi, China| Annual output 5,750t | 217,000 t WQ
Xianglushan WQO3
Tungsten Ind.Co.
Shizhuyuan Hunan Shizhuyuan| Chenzhou Hunan, Annual output 5,498t | 705,000 t

Nonferrous Metal | China

Yaogangxian Hunan Yaogangxial Yizhang Hunan, China| Annual output 4,500t | 200,000 t

Mining Ind.Co

Dajishaﬁ* Jiangxi Dajishan Quannan Jiangxi, Chin Annual output 2,800t | 173,900 t
Tungsten IndCO

Taoxikeng Chongyi Zhangyuar Chongyi Jiangxi, Ching Annual output 2,500t | 74,066 t
Tungsten Ind.Co

Maoping Jiangxi Yaosheng | Chongyi Jiangxi, Ching Annual output 2,500t | 41,594 t
Tungsten Ind. Co

Tieshanlong Jiangxi Tieshanlong Yudu Jiangxi, China | Annual output 1,900t | -
Tungsten Ind. Co

Piaotang Jiangxi Piaotang Dadu Jiangxi, China | Annual output 1,500t | 47,775t
Tungsten Ind. Co

Xialong Jiangxi Xialong Dayu Jiangxi, China | Annualoutput 1,450t | -
Tungsten Ind. Co

Xihuashan® Jiangxi Xialong Dayu Jiangxi, China | Annual output 1,350t | 81,300t

Tungsten Ind. Co

MSPREFRAM Z2 ¢ State of the art on the recovery of REFM (Primary resour
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*QOre type skarn deposits

** Mineralogy: tungstates, Niobates, Oxides, Sulfides, Manganoniobite, Tantalite, Wolframite, Scheelite, Beryl,
Cassiterite, Bismuhinite, Galeba, Sphalerite, Stannite

*** Mineralogy: wolframiteBismtutite, Cassiterite, Chalcopyrite, Scheelite, Pyrrhotite, Beryl, Bornite,

Shalerite, Arsenopyrite and REE minerals

Vietnam jumped two spots on the list to become theNdb R Q & -lagg&Quhgsien

producer for 2015. The country produced 5,000 metric tons in 2015 compared to 4,000 mtric
tons in 2014. The Vietnaimased Nui Phao mine owned by Masan Resources is the largest
tungsten mine outside of China with mining reseofé66million tonnes of ore with average
grade 0.21% W£ Since Masan acquired the mine in 2010, it has seen consistent growth. It
is an unique polymetallic mine with significant deposits of tungsten, fluorspar, bismuth,
copper and among the largest producers of agidde fluorspar and bismuth in the world.

With openpit mining and low strip ratio, it is one of the lowestst producers of tungsten in

the world[20].

Russia produced tungsten 2,500 metrictons in212.a 421 yH A& wdzaail Qa f
deposit of high grade sulfidscheelite ore with substardl Base metal and gold

mineralization. It has been mined since 1969 by the Primorsky Mining and Concentrating
Combine first in open pit, and subsequently by means of underground mining operations
(until now) [17]. The initial tungsten reserves and researexceeded (with allowance for
follow up exploration) 180 KVO:;.

/'yl RFQ&a Gdzy3adSy LINPRAzOGAZ2Y 61 & mZITtnn YSGiNA
tons a year earlier. Owned by North American Tungsten Corporation Ltd. Cantung mine is
located inwestern Northwest Territories of Canadand one of the largest tungsten mines
outside of China [14]. It is a skarn type of deposit with the reserves of 1,818,000 tons at the
grade 0.81 % WHOIt is continuously operating underground and seasonally operating in

open pit.

Austria, Spain, Portugal and UK are major tungsten production countries in Europe. They
ranked 'to 10"Ay G KS tAad 27F dpfodicing2oNdtriBsQa (2L (dzy3al
Austria produced 870 metric tons of tungsten in 2015, the same amounbdymed in 2014.
Much of that production can be attributed to the Mittersill mine located in Salzburg province
and operated by Wolfram Bergbau and Huttehich is owned by Metallgesellschaft

Frankfurt, W. Germany (47,5%), Vbédpine Corporation, Austria{,5%) and Teledyne
Corporation, USA (5%l)he Mittersill mine hosts the largest tungsten deposit in Eurdpe
deposit was discovered in 1968y 1973, the orebodlyad been explored by two exploration
adits Mining activities commenced in 1975, the onesising plant started operations in

1976. Scheelite concentrates are further processed in the Bergla tungsten smelter, Styria
[18-19]. The deposit consists of two parts, the Ostfeld open pit and the Westfeld
underground mine. In the Ostfelgp to 90% ofte ore in these orebodies can therefore be
recovered by opencashethods. Medium W@contents average 0.75%, jrure ore

gquartzites and may increase to 3.5% WU Westfeld deposit outcrops over 500 m.

Within a mineralized thickness of 300 m, sconomic horizons have been established so far.
Within these horizons mineralization occurs int6800 m long and 8 20 m thick orebodies,

the compositional axis of which dips towards the northwest. Intercalated "barren” rocks
frequently carry 0.1% 0.25% We@over thicknesses of tens of meteihe Westfeld has an
average content of 0.45% WO3 which is not as rich as in the Ostfeld. However, the total
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potential reserves of the Westfeld are expected to be significantly larger than those of the
topographically iited Ostfeld. Underground mining in the Westfeld commenced in October
1978 by opening up various adits and inclines; the official opening ceremony took place in
September 1979. Production thfe Mittersill minein 1978 was 291.140 tons of ore with an
aveaage grade of 0.65% W(yielding a WOsontent of 1.954 tons [19].

Spain produced 730 metric tons of tungsten that marks a drop frorm&&t@ic tonsof

output in 2014. There are a number of companies engaged in the exploration, development
and mining otungsten assets in Spain including Almonty Industries, Ormonde Mining,
Plymouth Minerals and W Resources. The Los Santos Mine was acquired by Almonty in
September 2011 The mine was originally opened in 2008 and commissioned in July 2010 by
its former owrer. The Los Santos Mine is an openguiheelite skarn deposit located
approximately 50 kilometres from Salamanca in western Spain and produces tungsten
concentrate [21]. Total reserves 3,582,000 tonnes at average grade 0.23%Pdtential

high grade undrground resourcérom bottom of main Los Santos pit: 15 m crown pillar to
remain between open pit and underground development and underground potential from
985 to 880 m delineated at 0.4% enif grade. Based on the current underground resource a
15,000tpm operation has been evaluated by management: Additional 4 year mine life;
Exploration drilling results demonstrate that substantial potential exists below delineated
resources; and Underground development has the potential to materially extend mine life
[21][22]. Barruecopardo Tungsten Project [11] situated in the Castilla y Leon region of Spain.
It is 100% owned and operated Byrmonde Miningand has a life of nine years. The mine is
planned to be an open pit operation. It will be one of the biggest tungsten projects in Europe.
A definitive feasibility study (DFS) for the mine was completed in February 2012. The mine is
expected to produce 1.1 million ton (mt) annually, according toDi+S report. First

production is expected in the fourth quarter of 2013. Tungsten mineralisation is found in
guartz veins mostly in the form of coarse grained scheelites less than 10cm in thickness.
Intense veining at the deposit is nearly 40m wide. Mimaces of wolframite are also part of

the deposit.

(0p))

t 2Nl dzaaAlFf Qa Gdzy3adSy LINRPRdAzOGA2Y FStt G2 |
G2ya Ay Hamn® ¢KS t | yIl &l dzSAmdducivgimyng. THea t 2
largest pas{producing minen the country, the Borralha mine, is currently owned by
Blackheath Resources. UK I metric tonof tungsten production in 2015. In the fall of
2015, Wolf Minerals opened its Hemerdon tungsten mine in Devon. According to the BBC,
Hemerdon was the fat tungsten mine to open in Britain in over 40 years.

The mines in Europe and the world out of China are listed in Tlable

y
N

L Qx

1

o

z
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Tablel-2 The mines in Europe and the world out of China

Reserves Mt

Deposit Company Location and Status Type of Ore | Mining method | Mineralogy and grade
Name Country
WO3 %
Wolf Wolf 10 km Feasibility Study Hemerdon ore, | open pit 35.7
Minerals Minerals northeast of | completed in May 2011. | wolframite as methods MT@0.18%
mine Plymouth, in | Construction began in tungsten tungsten
Devon Devon, | February 2014. mineral. and 0.03%
England tin
Production estimated at
350,000 t/y of a tungsten
concentrate with a grade
of 65% WO3 along with
460 t/y tin concentrate.
Expected to begin
introducing ore into the
plant in June 2015.
Los Santos | Almonty approximately | mine was originally open open pit Pyrite, Total
mine[21-22] | Industries 50 kilometres | opened in 2008 and pit scheelite methods arsenopyrite | reserves
from commissioned in July 201| skarn deposit (and/or 3,582,000
Salamanca in | by its former owner and lollingite), tonnes at
western Spain| produces tungsten pyrrhotite and | average
concentate [21]. chalcopyrite grade 0.23%
WO3[21]
Scheelite,
pseudo
galena,
bismuth,
bismuthinite,
and marcasite
Barruecopar| Ormonde Western Spain| Ormonde planned to In quartz veins | conventional Scheelite, 27.39 Mt @
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do tungsten | Mining produce scheelite mostly in the open pit minor traces | 0.26 %
project [11] concentrates containing | form of marse | methods of wolframite | WOS;
an average of 1,800 t/yr o] grained
tungsten during the initial | scheelites less
9 years of operation than 10cm in
[9][11] thickness,
minor traces of
wolframite
La Parilla Tungsten Extremadura | Expected to begin
project Resources | region of production in mid2016, a
Southwest production rate of 1,200
Spain to 1,300 t/y@ grade 66 %
WQO3.
Full mine developed in
2017/2018, and target
production 5,000 t/yof
tungsten.
Panasqueira| Almonty Covih3, Tungsten and tin have Mineralisation | An underground | wolframite, 491 Mt @
mine Industries Castelo been mined since the includes an mine cassiterite, 0.22 %.
Branco, 1890s. During the period | oxidesilicate arsenopyrite,
Portugal 1947to 2001, over 27 stage consisting topaz,
million tonnes of of wolframite, muscovite and
rock were mined, from cassiterite tourmaline
which approximately arsenopyrite
92,800 t of tungsten topaz,
concentrate, 4,800 t of tin| muscovite and
concentrate, and 28,600 t| tourmaline
of copper concentrate
were produced.
Borralha, Blackheath | Portugal 0.29 % WO3
Resources
Tabuao Norte Region, 2.75 Mt ore
Portugal @0.57% W
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Valtreixal Almonty Spain In exploration 25 Mt @
project Industries 0.34 % WO3
San Fix Spain Classical vein
deposit
Pasta Bueng Peru Classical vein
deposit
Mittersill Metallgesell | Salzburg The deposit was Bulk mineable | The deposit scheelite Production
scheelite schaft province, discovered in 196 By deposits consists of two in
mine[1819] | Frankfurt, Austria 1973, the orebody parts, the 1978 was
W. Germany had been explored by two Ostfeld open pit 291.140
(47,5%), exploration adits and the tons of ore
VbestAlpine Mining activities Westfeld with an
Corporation, commenced in 1975, the underground average
Austria ore dressing mine. grade of
(47,5%) plant started operations in 0,65°/0
and 1976. Scheelite w03,
Teledyne concentrates yielding a
Corporation, are further processed in WOs
USA (5°/0). the Bergla tungsten content of
smelter, 1.954 tons.
Styria.
Chollja Bolivia Classical vein
deposit
Cantund14] | North western The mine currently Skarn deposits | continuously scheelite 1,818,000
American Northwest produces ore at a rate of operating tons
Tungsten Territories, 1,350 dry short tons per underground @0.81%
Corporation | Canada day. Mineral Reserves and seasonally wWO3
Ltd. support a mine life to at operated open

least 2017. Processing by
gravityand flotation
circuits. Final products
include a premium gravity

pit
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concentrate (G1),
containing on average,
65% WO3; a flotation
concentrate containing, of
average, 35% WO3 and 4
copper concentrate
averaging 28% Cu.

Vostok2 Primorsky East Russia | The Vostok 2 deposit was| Skarn deposits High grade initial
Mining and discovered in 1961 and sulfideg tungsten
Concentratin has been mined since scheelite ore | reserves 180
g Combine 1969 by the Primorsky with kt WO3,
Mining andConcentrating substantial grade 1.7%
Combine first in open pit, Base metal W03
and subsequently by and gold
means of underground mineralization
mining operations (until
now).
Nui Phao Masan the Dai Tu the largest tungsten mine openpit mining | unique reserve of
mine[20] Resources | District of the | outside of China. Since tungsten 66million
Thai Nguyen | Masan acquired the mine polymetallic tonnes of
Province, in 2010, it has seen mine, ore with
Vietnam consistent growthWith Tungsten, average
openpit mining and low Fluorspar, WOQ; grade
strip ratio, is be one of the Bismuth and | of
lowestcost producers of Copper 0.21%[20].

tungsten in the world.
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|MINING TECHNOLOGY

There are numerous tungsten minerals, but only scheelite (CAVW@d wolframite
((Fe,Mn)WG@Q) are mined commercially3][27]. Wolframite accounts for about 70% of the
total tungsten resources and scheelite aonts for about 30%Wolframite mainly occurs in
guartz veins and pegmatites associated with granitic intrusive rock. Scheelite occurs in
contact metamorphic skarns, in higgmperature hydrothermal veins and greisens, and less
commonly in granite pegmatite

Scheelite and/or wolframite are frequently located in narrow veins which are slightly
inclined and often widen with the depth. So underground mining is more commonly used.
The selection of a suitable mining method open pit or underground mining depmnds
numerous governing factors, including ground conditions (physical properties of the ore and
the encasing rock mass.g. massive or broken); size of the deposit and proposed annual
production; ore value (high grade versus igvade deposits this goerns the money that

can be spent to extract the ore); and economic, environmental, legal and regulatory
considerations [3].

Open pit mining

Most active tungsten mines are of moderate scale gfyf@dduction of a few 100,000t of ore
per year), and thus the few operations that use open pit mining techniques are of a much
smaller scale than for example copper or iron ore mines [3].

Currently, open pitting is used for example at Los Santos (skaaim)Sat Kara (skarn,

tungsten is byproduct, Australia), for part of the production at Cantung (skarn, Canada) and
in various Chinese operations. Most of the currently promoted tungsten mining projects
would also be using open pitting. Some proposed ttggsnining projects call for mining

rates of some 20,000t per day of leyvade ore and would be using largeale loading and
hauling equipment[3].

Underground mining

Underground mining methods commonly used include[3]:

Best suited for steeply dipping v or narrow weldelineated skarn orebodies
- Narrowvein open stoping, e.g. Chollja mine, Bolivia

- Shrinkage Stoping, e.g. Pasta Bueno mine, Peru

- Cut & fill with resuing fill

- Cut & fill, e.g. historic Springer, USA

Best suited for flatly dipping wes or flat tabular skarn orebodies

- Room & pillar mining, e.g. Panasqueira, Portugal

- Best suited for thicker tabular or lenshaped orebodies witmedium to steep dip (or very
thick flat orebodies)

- Cut & fill

- Post pillar mining, e.g. historizolphin, Australia

- Sublevel stoping with delayed fill, e.g. Mittersill, Austria

MSPREFRAM Z2 ¢ State of the art on the recovery of REFM (Primary resour
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- Sublevel stoping with cemented fill and secondary pillar recovery, e.g. Cantung, Canada
- Vertical Crater Retreat
- Sublevel caving, e.g. Mittersill, Austria
There are twdundamentally different techniques in underground mining:
- 402y @Sy i A dbolhdf(dectric drivdsFolhhulage, pneumatic (compressed
air) for semistationary tasks): pneumatic drills (often hahdld), pneumatic over
head loaders, haulage with locasd mine carts.
- Rubbertyre equipment (diesepowered plus electric for senstationary tasks): drill

jumbos, dieselriven scooptrams (LH®load/haul/dump), underground trucks.
Mining at Barruecopardo mine [11] was operational until the 1980s, when madtivities
ceased due to unsafe and uneconomic conditions. These mining activities were carried out in
southern part of the mine in open pits that are 800m x 100m in size. The steeply dipping
structure of the mine facilitates easy extraction of oBrmondeplans to use largely
mechanised mining techniques including drilling and blasting, and shovel and truck
operations. Open pit mining will be carried out during the first five yearsr Afte years,
underground mining using conventional mechanised bulk and open stoping mining methods
will be carried out. The open pits drilled for the current mining operations will be an
extension of those drilled previously.
ThelLos Santosleposit has ken divided into a number of zones, six of which form the basis
of the current project. From west to east these are known as Las Cortinas, Sector Central,
Capa East and Los Santos Sur. The strike length varies for each zone and zone dips are fairly
uniform across the deposit varying between 600 to 900. Within each zone, the skarn
mineralisation is located within a number of individual beds, separated by barren lithologies.
The major skarn beds vary between 2m and 20m in width; there are, however, numerous
thinner bands measuring tens of centimetres.
The open pit operatioreg Los Santos mine in Spain [2&} conventional drill and blast
operations, using mining contractors MOVITEX (Movimientos de Tierra y Excavaciones
Nieto S.L.U.) for initial drillin blasng, loading and transport, and Perforaciones Noroeste
S.A.--- All other drilling.
Mining operations are based on mining 10m benches in waste, and 5m benches in ore, with
0.5m of sukdrilling. Tamrock CHA1100 rigs are used for blasthole drilling. Thethiales
are 3.5 in. in diameter, and drilled on a 3m x 2.5m pattern in Los Santos Sur, and a 3m x 2.5m
pattern in the other pits. Rsplit lines are drilled along the edges of final walls. These pre
split holes are 3 in. in diameter, and are 0.8m apanenWvater is present, wategsistant
emulsion explosives (Riogel) are used. Mucking operations are completed using Hitachi
210W and Komatsu PC1250 excavators, loading Komatsu HD465 55 tonnes loaders. Short
term grade control starts with sampling of blaghdrilling cuttings. These average grades of
these each blasthole are used to delineate ore and waste boundaries, as well as ore grade
categories, at the time of mining [22]. The night following every blasting containing ore, a
team of geologists checkath ultraviolet (UV) lighting the real position of the ore after
blasting displacement, in order to reduce dilution to the minimum. They also pass the UV
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lamp by the waste dumps and stockpiles, to check for any kind of error on ore/waste selection.
Thesepractices were introduced during 2012, and have demonstrated improvements. During
all ore mucking operations, a grade control geologist is always present, to check and check for
any other variations that can be seen in the pit with the blasted skarramater

MINERAL PROCESSING

BENEFICIATION OF BTSN EN ORES

The beneficiation process generally consists of agm@centration step after crushing and
grinding of the rurof-mine ore, followed by processing the pcencentrate, concentrate
cleaning or upyradation step, and a final purification stage to meet the market

specifications [24]. Only scheelite is readily amenable to flotation. Wolframite, in contrast to
scheelite, is paramagnetic. Thus beneficiation techniques focus on gravity concentration and
flotation for scheelite ore, and gravity and/or magnetic separation for wolframite. In

addition, preconcentration methods are usually used to discard a portion of theofumine

ore and increase the head grade prior to traditional beneficiation methodsS [8.

beneficiation methods for scheelite ore and wolframite ore are listed in Tai3le

Tablel-3 Beneficiation methods for scheelite ore and wolframite ore

Beneficiation methods Scheelite ore | Wolframite ore

Comminution (crushing and Due tothe brittle character of both scheelite and wolframite,
grinding) comminution is carefully designed to avoid overgrinding, that is, at eV
stage of comminution, appropriate sizing techniques (screening, Rydr
classifications by using hydrocyclones or classifiarg)used to minimise
formation of fines, and rod milling is more commonly used than ball
milling.

Precconcentration X-ray sorting the most advanced | Handpicking large grade

F LILINR | OKX f 221 A| contrasts or good visual
individual rock fragments. distinction, e.g. in several tungste
Gravitational methods sluicing deposits in China;
andDensemedia separation Optical sorting a strong brightness
contrast existdetween higher
grade portions of the overall run
of-mine ore(wolframite-quartz),
e.g. at historic Mt Carbine
operationin 1970s and 80s, and
Dajishan mine in China.

X-ray sorting

Gravitational methods

Gravity concentration The high density of both scheelite and wolframite facilitates th
separation from the gangue materials gyavity techniques. Examples
gravity techniques that can be used are described below:
Jiggingrepeated jigging action leads to a separation of the higher ang
lower-density particles on the jig bed, suitable for coarse particles. Th
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is a large varist of different jig types, from the basic Pakfrican jig with
bicycle drive to highly sophisticated circular jigs such as the Knelson,
Kelsey and Falcon concentrators.

Spiralling a very economic method, by the combined effect of
centrifugal force and diérential settling rates, suitable for fine particleg
separation.

Shaking tablingmost efficient means of density separation, and they 4
commonly used to produce final concentrates fromjoacentrates
obtained by jigging and spiraling concentratiodsyious types and
brands have been developed, such as Wilfley, Deister and Holman tg
and special flotation tables, usually used to remove sulphides from
density concentrates.

Flotation

Two flowsheets: Wolframite flotation is performed
Whole ore flotation after similarly to the scheelite flotation
preconcentration (such as byray | but is not pH sensitive and cg
sorting) therefore be undertaken in both
Gravity concentrationflotation acidic and alkaline solutiong
Gravity concentration is to remove However, flotation is rarely applie
the low-density fraction (e.g. to wolframite since it occurs
calcite or fluorite ) before flotation| mainly in much coarse
of scheelite. mineralization  with  then a

preference to gravity and magnet
Reagentsusing fatty acids athe methods [23].

collector, in the case of the Petrov
process, flotation with fatty acids i
undertaken at elevated
temperatures which increase
selectivity; in China, higher
temperatures are only used in the
cleaner flotation, together with
using depressants includisgpdium
silicate for effective depression of
Cabearing minerals other than
scheelite. The highgrade
concentrate from skarn ores is
obtained.

Magnetic separation

No applicaion cases Low-intensity magnetic separation
(LIMS)wused to remove magnetite
and other ferromagnetic materials|
GYlFr3aySiAaaiay3a N
used for transforming hematite
into magnetite prior to LIMS, and
High intensity magnetic
separation (HIMS)used to
separate wolframite from
diamagnetic minerals such as
cassiterite.
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Several processes are implemented in order to produce a concentrate Witb&HWQ
fulfilling the requirements of international trading from a deposit containing generally some
tenths of a percent of W§)23]. The beneficiation flowsheet largely depends on the nature
of the mineralization in the ore body and on the liberation size e@f tilmgsten minerals. In
particular, the liberation can be found in a wide range of size from several mm-20 L10n.
Weathering and other alteration processes lead to secondary tungsten minerals such as
hydrotungstite (HWO,-H0), anthoinite (AIWEIOH)) and cerotungstite (Ce¥Ds(OH}Y).
Presence of these minerals might lead to lower process recovery and/or lower concentrate
grade and thus, could have an important negative economic impact [27].
Scheelite flotation is performed in alkaline medium, with sodiearbonate or sodium
hydroxide to adjust the pH to about-910.5. Collectors commonly used are sodium oleate,
tall oil or oxidized paraffin soap [26]. Scheelite ore has good floatability but it is often
associated with other Chearing minerals in the gaue (such as calcite, fluorite and
apatite) which make the flotation difficult due to similar surface properties of calcium
minerals and high reactivity with their conventional reagents [25]. In order to improve the
selectivity of flotation of scheelite @hcalcic gangue minerals, metal salts such as ferrous
sulfate are used in combination to sodium silicate in order to improve the effect of scheelite
flotation [26].
Electrodynamic or electrostatic separators are used only for sches#siterite
mixtures[23]. Scheelite is neoonducting whereas cassiterite is a conducting material. Acid
leaching can be performed to removed apatite (P, Ca) and calcite (Ca). For example, the
process implemented at the Salau mine (France, closed in 1986) used tdN€mowe the
apatite and carbonates contained in the scheelite after flotation.
Tungsten beneficiation plants normally operate with a recovery eB®%. The beneficiation
recovery rate for the Mittersill tungsten mine in Austria has been estimated gB5%,
whereas that of the Los Santos project in Spain has been reportedc@6%7 and that of the
Cantung mine in Canada is around;79% [29].
Most of the losses of tungsten occur in slimes, which are difficult to treat with conventional
beneficiation techniquesGeneration of tungsten mineral slimes occurs due to [24]:
- The brittleness of the tungsten minerals, leading to their preferential grinding during
the comminution steps.
- The high density of the tungsten minerals, they tend then to go into-sizs fraction
during classification by cyclones or hydraulic type of classifiers used in the grinding
circuit, and get recycled to the grinding mill, leading to their eyending.

Impact of the specifications of the concentrate on the beneficiation process

As desched before, tungsten ore can contain a wide range of minerals associated with
scheelite and/or wolframite. Some of the elements contained in these associated minerals
have an influence on the beneficiation flowsheet, in order to reach the international
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specification for the use of the produced WQoncentrate. These specifications are
presented in the Tabl&-4.

Two examples of the modifications needed to reach these composition requirements are the
following [27]:

- As:in unoxidised status, As (in the foroh arsenopyrite) can be removed by sulphide
flotation. In the case of weathered or oxidised ore, for example near the surface,
oxide arsenic mineral might pose a far bigger challenge.

- Mo: if Mo is in theform of molybdenite then it can be removed througHlatation
stage. However, if Mo occurs as powellite, separation during beneficiation is very
difficult.

Tablel-4 International specifications for the chemical composition (in %) of scheelite and
wolframite concentrates (from BGR, 2010)

Wolframite Scheelite

General Gradel Grade I General Gradel Grade I
WO3 65.0070.00 | >=65 60-64.99 60.0070.00 | >=70 65-69.99"
Sn 1.00-1.50 0.201.00 <=2.5 <=0.1
As 0.100.25 <=0.20 <=0.40 <=0.10 <=0.3
Cu <=0.10 0.080.40 <=1.0 <=0.10 -
Mo 0.040.40 <=0.40 <=1.0 0.050.40 <=2.0 <=4.0
P 0.050.10 0.030.08 <=0.25 0.050.10 <=0.1
S 0.100.50 0.200.75 <=2.0 <=0.5
Bi <=1.00 0.051.00
Sh <=0.50 - <=0.05 <=0.2
Mn 0.00 <=1.00

YLowergrade scheelite ores are usually converted into artificial scheelite direct at the mine or later into
ammonium paratungstate, an important intermediate product of the synthesis of tungsten.

CASE STUDIES

Two types of wolframite deposits are being workéd&gana, Rajasthan, India. One of them
is quartz lode where wolframite is mineralised in quartz veins. The other type is finely
disseminated tungsten mineralised in granite body itself.-dnecentrate was studied with
the sample of quartz lode al2 mm. In upgrading lean tungsten ore, gravity concentration
by jigging of vein quartz produced a prencentrate containing 4.5% WO3. For further
upgrading the preconcentrate, beneficiation studies were conducted with an objective of
obtaining a producbf 65% WO3 with less than 1% impurities of SiO2 and S each. Desired
product could be obtained by preoncentration of the jig pr&oncentrate by tabling

followed by flotation.

In Panasqueira, the ore treatment process begins with heavy media separatithrefo

coarse fractions of material. In a second phase, cyclones are used to produce ore
concentrates with high metal content, and tables are used to treat the sd&rd#h flotation

of the Panasqueira wolframite has been investigated over a number of ydarsy different
collectors have been tested on both the current slimes tailings and on the historical dam
deposits (slimes25 pum), however the results have always proved to be inconsistent. In the
paper [7], some collectors were investigated:
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Procol CA40 (Na phosphonate), Briphos S2D (phosphate ester) + kerosene, Briphos S3D
(phosphate ester) + kerosene, Flotinor 861 (Mixture of Phosphoric acid and esters),

Briquest 2N81 25S (methylene phosphonate) and Briquest 281 25S (methylene
phosphonate). The @erimental flowsheet: desliming, bulk sulphide rougher flotation,
wolframite flotation with rougher and one cleaner stage. Flotation was carried out at pH 2.5.
The feed grade was approximately 0.3 % WO3. Only two of the above collectors showed any
potential with the tailings material, and this potential was itself limited to the current

tailings. Much lower WO3 grades and recoveries were obtained from the dam deposited
material than for the fresh tailings, under the same reagent conditions.

Processing dlungsten ores in general [9]: gravity separation, where lighter gangue is
discarded; magnetic separation, in which iron and iron bearing minerals are removed;
flotation, in which the sulphide minerals are removed; and, finally electrostatic separation, in
which less conducting minerals are removed to yield a richer concentrate of tungsten
mineral.

Ore processing at Barruecopardo mine [11] the project does not require a primary grinding
circuit because of its coarse mineralisation. Tailings dam is alseaquired, resulting in low
capital and operational costs. A gravity processing plant designed by Jacobs Engineering
Group will be built to process the ore. The design of the processing circuit is similar to that
used during the mining operations in the 188 Test work carried out at the mine indicated
that the processing plant can achieve tungsten recovery of nearly 78%. The processing will
begin with a four stage 1.1mtpa crushing circuit which will crush the feed to a size of less
than 5mm. The crushed ewill be screened before sending for gravitymncentration, in
which heavy tungsten minerals will be recovered by jigs and spirals. The next step includes a
cleanrup and tabling circuit which will remove any sulphides present in the concentrate.

At Gantung mine in Canada [15] although the mill was designed to process 1,000 dry short
tons per day, it has achieved continuous processing rates of up to 1,300 tons per day. The
Life of Mine Plan (LOMP) details an average processing tonnage of 1,160 talay ¢ a
recovery rate of 79.5% of WO3. Final products will be approximately 377 tons per month of
gravity concentrate (G1), containing 60% to 70 % WO3 at 58.3% recovery and approximately
185 tons per month of flotation concentrate containing 45% to 30@3 at 21.2% recovery.
These target numbers appear to be obtainable based on projected ore metallurgical
characteristics and past performance attained by the operation. Ore is handled from the
stockpile by a loader or directly dumped from haulage tru¢é& an30 ton receiving bin

equipped with 42 in x 10 ft apron feeder, which, in turn, feeds a 42 in x 48 in jaw crusher.
The jaw crusher is set to produce a nominal five inch crushed product. A conveyor
transports crushed ore into a 1,000 ton capacity cgaore bin. This bin acts as a surge bin

for the secondary crushing circuit;

The flowsheet of ore dressing includes primary, secondary & tertiary crushing, grinding,
classification and talc flotation, sulphide flotation, gravity and scheelite flotation.

The process planh Los Santos minis primarily based on gravimetric separation, aimed at
recovering a high grade scheelite concentrgi2]. An average feed grade was 0.32% WO3
and the average plant recovery was 60%. The primary crushing @nspioys a jaw crusher,
with a nominal 100tph capacity, followed by two cone crushers, generating a minus 12 mm
size material in a conical open stockpileead of the main process plant. A conveyor feeds
this material at 65 tph rate into a rod milhich pioduces a ground product. This ground ore
isthenweta ONBS Sy SR | I wmoversize beiMgregmund iiKa régRnd ball mill and
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remove mill steel and pyrrhotite ahead of gravity separation. Themagnetics streams

from the two size fragbns then go to their respective banks of rougher spirals. Middlings

are recycled via middlingdeaners spirals, and the rough spiral tails exit as waste. In both

circuits, rougher concentrates are cleaned in a bank of cleaner spirals before going forward

to shaking tables. Concentrates from the coarse and fines spirals are fed to a hydrosizer

which feeds four separate tabling circuits. Tailings from the cleaner step of all tabling circuits

are recycled back to the hydrosizer, The coarse tailings are deshby thickening cyclones

and a high frequency screen. Fine tailings are dewatered in a thickener and filter press. In

both cases, the final tailings product is dry enough to be trucked and disposed of on the

mine waste dump. The thickener overflow i€yeled as process water and the plant

operates with a zero discharge. The combined gravity concentrates are-paichssed

through two 3n7 flotation cells tofloat off sulphides. The nefioating material, principally

scheelite, is discharged intodgwatering cone, and then goes through a rotary kiln dryer,

followed by threestage high intensity magnetic separation, to remove any remaining mill

steel and pyrrhotite and any paramagnetics (mainly pyroxene). A final high grade scheelite
concentrate conttutes the final saleable product, and typically has a grade of

approximately 65% W9

EXTRACTIVE METALLURG

| HYDREMETALLURGY

The hydrometallurgical recovery of tungsten from various sources (e.g. minerals, tailings,
scrap)follows several process step&fter digestion and purification of the raw material, the
concentrated leachates enter the solvent extraction cycle. Here, the -sifatiee-art
processes are pointed out in order to produce hlrity ammonium paratungstate (APT),
which is the most impaant intermediate for pure tungsten production.
Digestion
Tungsten is economically extractable from the two minerals wolframite ((Fe, Mp)@rd
scheelite (CaWg) and from tungsten containing scrap (e.g. catalysts). There are three
hydrometallurgical outes for processing the tungsten bearing raw materials:
Alkali leaching

(Fe, Mn)WQ+ 2 NaOHy NapWO, + (Fe, Mn)(OH)
The wolframite or oxidized soft scrap is dissolved in concentrated NaO&5@06) at 10@
150 °C or by higpressure digestion withdilute NaOH. Fe and Mn build low soluble
hydroxides.
Pressure leaching with soda

(Fe, MN)WQ+ NaCQ A NaWQ, + (Fe, Mn)CO

CawQ@+ NaCQ A NaWwO, + CaC®

MSPREFRAM Z2 ¢ State of the art on the recovery of REFM (Primary resour



ME®

The wolframite or scheelite is leached withJ8& (10 ¢ 18 %) under pressure (X025 bar)
in steel autoclaves at 200 °C. A large excess of reagent is necessary.
Acid leaching

CawQ+ 2 HCA CaGl+ BWQO,
The scheelite is leached with concentrated HCI, but other acids are also possible. The
precipitated tungstic acid is filtrated from the aqueous Gagdlution and treated with
ammonia and water to produce APT.
Purification
The obtained sodium tungstate solutions from alkali and soda leaching need to be purified
by filtration and precipitation, because they may contain several dissolved impurity
elements. If the concentration of those impurities is too high, the subsequestgssing is
disturbed.
Silicates are common impurities, which can be precipitated by aluminium sulfate or
magnesium sulfate solution (or a mixture) at pH, 81. Phosphates and fluorides are-co
precipitated.
Molybdenum as a common accompanying element tungsten bearing material is
precipitated by sodium sulfide in neutral or slightly alkaline environment forming
thiomolybdate. By adding sulfuric acid to pH 2,3 the molybdenum is precipitated as
trisulfide. This precipitation step is also selectioe other insoluble sulfides as As, Sb, Bi, Pb,
and Co.
The sodium ion concentration must be reduced from 70 g/l to < 10 mg/l as otherwise
problems occur with the reduction to metal powdé€rhis purification step is accompanied
by a concentration step ofuhgsten, which is either done by solvent extraction or ion
exchange resins.
Solvent extraction
The purified acidic sodium tungstate solution (pld ) is contacted with the organic phase.
Tertiary or secondary aliphatic amines (e.g. trioctylaminesaprylamine) are the most
important extractants, unless in literature, various other extractants have been tested. The
extractants are dissolved in kerosene or other aliphatic solvents. Phase modifiers like
isodecanol can be added. The anionic exchangenam@sm writes as follows:

71 ( 18( 9% 8( 7/ ( 19
Here X represents the extractant (amine) and Y the anionic leaving group, where the
overbars indicate the organic species. The tungsten ionic species-degafident. The
predominant aqueous smges are7 / ( AR ( and 7 /| ( at pH
2, 71 at pH 7 and7 / ( at pH 12. The distribution coefficient at pH 2 is
between 30¢ 50. Therefore a twestage countercurrent extraction is sufficient for an
extraction of 99.9 %.
Theextract is washed with deionized water and reextracted by a dilute ammonia solution
into the aqueous phase:
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The solvent is regenerated and recycled.
lon exchange
Here the sodium tungstate solution is contacted with a strongly alkaline ion exchange resin
in the chloride from, where the tungstate is adsorbed. Desorption is carried out with
ammonium chloride solution. Elements that form heteropolytungstates like, isRnd Mo
can additionally be removed.

Crystallization
The isopolytungstate solution is evaporated and water and ammonia is distilled, which is

recycled to the solvent extraction step. The solubility becomes lower and APT crystallizes in
recirculatingbatch crystallizers. Additionally, this is a further purification step, where soluble
impurities remain in the mother liquid.

PYRGMETALLURGY

As shown in Figur#g-2[38], tungsten concentrates (wolframite or scheelite), obtained after
mineral processingf tungsten ore, can be directly used to produce ferrotungsten, steel and
tungsten chemicals, or indirectly used to produce tungsten metal powder and tungsten
carbide.

Domesticmilling § Processing from tungsten concentrates i Fabricationand
and concentrating | to tungsten products 3 manufacture
of tungsten ores i =
and byproducts I Steel
i |
—
i 3| Ferrotungsten j
: S
i A ,
f uperalloys
f M Superalloy:
i —>
i P .
i : Use in
Tungsten _L T - Chemical processing- Tungsten Tungsten ;:lrb:‘de: % - Carbide tools and mdal::l;ﬂal
> (primarily i powder/cast; wear-resisti )
ore : concentrate i paratungstate) 7| metal powder crystalline § i ln:\:lr:rsi':il;ng
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; I _ | ; products
i | | §
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Figure 12 General tungsten flow diagram from primary resources

Using tungsten concentrate to produce ferrotungsten
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Ferrotungsten, contains ~ % W, is a master alloy for the production of tungsten
containing steel@9]. Ferrotungsten is normally produced in the electric arc furnace by
either carboethermic reduction, carbo/silico-thermic reduction or aluminghermic
reduction of tungsten concentrates, among which the cathermic reduction and carbo
/silico-thermic reduction are preferred processes due to the cost reasons and the high
tolerance level for impurigs, such as As and Sn, in the raw matgB8l§40].

Carbothermic reduction process.The carbethermic reduction process of tungsten
concentrates can be well illustrated by Figdr8[39]. It is seen that this process is operated

in two stages: the refining stage and the reduction stage. In the refining stage an ingot of
high-grade ferrotungsten (80% W) and a W@h slag (25% W) are produced. The
ferrotungsten ingot is removed from thie@rnace and cleaned after the electric arc furnace is
switched off, as tapping of the melt is not possible due to a high melting temperature of the
ferrotungsten. In the reduction stage the Wgch slag is processed to ferrotungsten of 50%
W and a slag uh less than 1% W{ O The 50% W together with the outer parts of the
cleaned, higkhgrade ingot are recycled and be processed to {fggide ferrotungsten in the
refining stage. If several furnaces are used in parallel, the production can then take place as
aquastcontinuous process.

Flux Tungsten ore concentrate Charcoal (or coke)

L |

Refining stage, electric arc furnace, block pro
| |
breeze scrap (25% W) ingot
Reduction stage, electric arc reduction furnace, tapping off 7 Crushing, sorting
Ferrotungsten Slag Ferrotungsten Recycle metal
(ca. 50% W, "slag metal”) (<1% W) (80% W) (remelt, ca. 25% W)
— | |
Tip Sale

Figurel-3 Scheme of ferrotungsten production by carbothermic reduction process

Carbe and silicathermic reduction processThis process is carried out in three successive
stages in the electric arc furnace. In the first stage tungsten concentrates are reduced by
carbon under We@rich slag (16.6% W) and the resulting ferrotungsten (75% W) is scooped
out. In the second stageon scrap is added into the furnace and the WH{@h slag from the

first stage is reduced by silicon (in the form of ferrosilicon with 75% Si), which will result in a
metal phase with 570% W and a slag phase with < 1%3\Wéing tapped off. In the third

stage the metal phase in the second stage is refined by adding tungsten concentrates,
resulting in a W@rich slag (1825% W) and the W in the metal phase being increased.
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Carbao/silico-thermic reduction process is a continuous operation process, whicletber

saves electric energy and prolongs the service time of the lining. However, it necessitates the
laborious scooping operation; moreover, ferrotungsten tends to accumulate on the furnace
wall, and this can only be removed until next furnace relining.

Alumino-thermic reduction processin this process aluminum is used instead of carbon
and/or silicon to reduce the tungsten concentrates, which are mainly scheelite. Due to the
chemical properties of aluminum the reduction proceeds rather rapidly andripuiities,

such as As and Sn, can alsorbduced. Therefore, the tungsten concentrates with fewer
impurities are required for this process. The resulting product is low carbon ferrotungsten.
Due to the economic reason, this process is mainly used to spsstial customer needs.

Using tungsten concentrates to producelWaring steels

Besides using ferrotungsten for -Wéaring steel production, tungsten concentrates
(normally scheelite) can be directly, for example, charged into the EAF, to produce W
bearing steel38][41][42] In this process tungsten oxides in the concentrates is reduced to
tungsten by carbonaceous materiatsthe furnace and the steel is alloyed with tungsten.

Using tungsten concentrates to produce ammonium paratungstate (APT) and its
downstream products (mainly tungsten metal powder and tungsten carbide)

APT productionBesides a part of tungsten conceattes are used to produce ferroalloys and
steels, tungsten concentrates (~ 90% in am@4@B}f are largely used to produce APT, a most
common intermediate product usedor tungsten metal powder and tungsten carbide
production. APT is produced by the modern hydrometallurgical prdde3gi4][45] which

can be well described by Figuted. In this process tungsten goentrates after roasting or
calcination are digested by either soda or concentrated NaOH solution, which will result in
the formation of sodium tungstate solution. The sodium tungstate solution is purified by
precipitation and filtration, and thereaftert iis converted into an ammonium tungstate
solution, exclusively by solvent extraction or ion exchange resins. Finally, high purity APT is
obtained by crystallization, with the formula (Wk(HW1204,) -4HO.
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Figurel-4 Scheme of APT and Wg@roduction by modern hydranetallurgical process

Tungsten powder productionAlthough it is possible to produce tungsten metal powder by
direct hydrogen reduction of APT, metal powder is more commonly produced by the
hydrogen reduction of tungsten oxidet &00-1000 °C, which is produced by the thermal
decomposition of the APT, as shownRigurel-4. By changing reduction conditions this
process offers the possibility to produce tungsten powder with various particle sizes (within
the range of 0.1100 um)45-47]. The other innovative tungsten powder production
processes include solid carbon reduction process, gas phase precipitation process, plasma
process, amalgarmrocess, carbonyl process, electrochemical reduction projges49] etc.
Tungsten carbide powder productiorConventionally, tungsten carbide is produced by two
steps: the step of producing high purity tungsten powder with desired properties and the
step of tungsten powder carbonization by high purity carbon blaokt er graphite. The
carbonization step is implemented by ffijxing the tungsten powder with carbon black, soot
or graphite by ball milling and (ii) carbonizing tungsten powder at temperatures of 1400
1600°C in hydrogen atmosphere forl@ hours.By far a large percentage of WC is
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manufactured by this direct carburization of tungsten powder process and it covers the
widest range of powder qualities in regard to average particle size (0216n)[50][51] The
other innovative tungsten powder production processes include direct carbothermic
reduction of WQ, scheelite or wolframit¢52]¢[54] direct carbonization of Weby CH-H,
mixtureg55], direct carbothermic reduction of carbon coated W&1], etc.

An assessment of the extractive technologies for tungsten

Due to the extreme high melting temperature of tungsten, hydrometallurgical process will
continue to the prealent one for extracting tungsten from the tungsten ore concentrates.
However, the new emerging technologies, such as electrochemical reduction of the tungsten
ore[48][49] should be appraised by considering both the economic aspect of the process
and the properties of the tungsten powder that produced. For WC production, direct
reduction of tungsten oxide or tungsten ore concentrate will be the trend for the future,
since this will on one hand tailor the present cumbersome and costlystep (turgsten
powder production and carbonization) production process into a single one, and on the
hand, this has the advantageous of producing WC powder with finer crystal structure of
nanometer and with improved mechanical proper{e8]. For the production o¥V-bearing
steels, the direct use of tungsten ore should be appreciated, as the use of ferrotungsten can
be avoided, which implies both fewer materials loss from the production chain and higher
economy/energy efficiency.
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CHAPTER 2 TANTALUM

MINING

| NIOBIUMTANTALUMMINERAIDEPOSITS

Niobium and tantalum usually occur together in the same type of mineral deposits and in
minerals ofsimilar characteristics. Very often, these metals are found in solid solutions
02SNYyée 3 9ONDAGE mdby dT ! G§Sy OA 2 ¢téninlitd (doldrdbited n mn O =
series, also known as coltan), with the formula (Fe, Mg, Mn)(NbOd,&r the minerals from

the pyrochlore group.

The mineral deposits sourcing niobium and tantalum are associated to some very specific
types of igneous rocks. There are three main types of rocks that can contain profitable
contents of these metals (BGS, 2011):00aatites and associated rocks, alkaline to

peralkaline granites and syenites, and pegmatites. The weathering of these deposit types can
result in other types of N Ta mineral deposits, as laterites and alluvial deposits (placers).
Carbonatiteassociate deposits contain disseminated pyrochlore minerals, being the main
source of niobium. These deposits rarely contain profitable concentrations of tantalum,
neither as byproduct. In some cases, due to magmatic crystallization process, pyrochlore
minerals @cumulate in preferential parts of the rock leading to enriched zones. The
weathering of these deposits, specially in tropical regions, result in the formation of
pyrochlore concentrated laterites, e.g. the Araxa deposit operated by CBMM (Companhia
Brasilera de Metalurgia e Mineracéo), the major fdboducing mine in the world.

Alkaline granite and syenites, can contain profitable concentrations of REE, tin and niobium
and, in some cases tantalum that can be obtained asfrbguct. Also in this case, ore

minerals may be concentrated due to magmatic crystallization or hydrothermal processes.
The main Nb and Ta minerals in these deposit types are those from the pyrochlore group or
minerals from the columbite tantalite series. Other minerals can occur, gy are less
frequent. Also the weathering of these deposits in tropical regions favours the re
concentration of these metals in supergene deposits.

Deposits associated to pegmatites are more widespread in the world. In some cases they can
accumulate irspecific areas, as it occurs in central Africa, where a large zone with tantalum

¢ bearing pegmatites occurs. Niobium and tantalum occur together with other metals, as
lithium, caesium, beryllium or tin, among other metals. Although some of the dep@sits c

be operated exclusively for niobium and tantalum. Main niobium and tantalum minerals in
this type of deposits are columbitgtantalite series.

NIOBIUMTANTALUM MINING INHE WORLD

MSPREFRAM Z2 ¢ State of the art on the recovery of REFM (Primary resour



ME®

Niobium is almost completely produced by 3 mines in the world (Tabtevd)of them in

Brazil (Araxa and Cataldo), accounting for the 90% of the total production, and one in
Canada (Niobec). Although other countries can produce niobium, the world reserves of this
metal are in these two countries.

Regarding tantalum, the laegt reserves are located in Bileand Australia. Howevethe
combination between demand, lack of control on the production and commerce and the
smallscale mining (anthe association of both Nb and Ta to conflict minerals), lead to
countries in theGreat Lakes Region of Africa to dominate the tantalum production in the last
years.

Despite the proliferation of smadicale mines in Africa, Nb and Ta are produced by a limited
number of mines in the world (Tabkl).

MINING TECHNOLOGY

Mining methods fo tantalum and niobium are similar to other metals of similar occurrence.
The main factors taken into account for the type of mining, open pit versus underground
mine are the ore size and grade, the depth of the ore, the distribution of the ore minerals
(disseminated into a large rock body or concentrated in zones or veins), and the geotechnical
properties of the rocks. In some cases a combination of open pit and underground mining
can coexist, open pit mining in the nesurface weathered zone of the depband

underground mining of the deeper primary ore.

An special case of surface mining is that used in artisanal andsrafdImining (ASM), as in
most cases these mines do not use heavy machinery for the extraction, as earthmovers,
excavators or trucksnstead the main tools are picks, shovels and bucketsnparison of
mining methods in highly industrialized mines (left) and artisanal ssnale miness shown

in Figure2-1.

Open pit mining

At present almost all mines in carbonatites and other stg@bping intrusive rock

structures are mined in open pits. Moreover, most of the mines located in tropical regions
mining starts in the most surficial weathered part of the deposit (Araxa mine, CBMM), and
only in some cases mining operation can shiftite primary ore either by continuing surface
mining or through underground facilities. The only underground mine in this type of deposits
is Niobec mine. In the case of pegmatiyge deposits, most mines also operate through
surface mining.

Underground nining

Underground mining is restricted to deep deposits, Tanco in Canada operated the mine fully
through underground works and Greenbushes in Australia have some underground facilities
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Figure2-1 Comparison of mining methods in highly industrialized mines (left) and artisanal
smallscale mines (right, picture taken by Philip Schiitte, BGR, 2012, used with permission)

for the deepest part of the deposit, whereas the upper part of tiepasit was nmed from

open pit.

Although there are no examples, despated pegmatite deposits could be mined by
underground facilities, this option should be evaluated depending on capital and operating
costs and metal prices.

NIOBIUMTANTALUMMINING IN EUROPE

At present there are no mines obtaining niobium or tantalum in Europe. There are some
exploration projects (Tabl2-2), but none of them passed from the exploration status. These
projects are mainly associated to the carbonatites and syenites from Finland eedl&rd

and the pegmatite deposits from Spain and Portugal.

Another potential source of Ta and Nb could be associated to tin deposits, which are also
under investigation in Europe.
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Table2-1 Operating N, Ta mines in thevorld

Mining

Nb-Ta

Reserves

%

Deposit Name Compan Countr Status Type of Ore Commodit % T
P pany y P method y Mineralogy Mt Nb,Os 6 Ta0s
Weathered
Araxa cBviM Brazil Operation . Open pit Nb Pyrochlore 462 2,48
Carbonatite
Catalao- Boa Weathered
Anglo American Brazil Operation Open pit Nb Pyrochlore 42 1,2
Vista 9 P Carbonatite penp y
. . . . Mineralized
Niobec mine Magris Resources Inc. | Canada Operation . Underground |Nb Pyrochlore 630 0,42
Carbonatite
: Mineralized :
Aley Tasako Mines Ltd. Cor| Canada EIA process ) Open pit Nb Pyrochlore 84 0,5
Carbonatite
Wodginite,
Greenbusks . . ) Open pit + Ixiolite, Tantalite,
. Global Advanced Metal Australia | Operation Pegmatite penp Ta = Nb, Sn o 68 0,023 | 0,026
mine Underground Tapiolite,
Microlite
. Tantalite
. . . Operation . . .
Wodgina mine | Global Advanced Metal Australia . . Pegmatite Open pit Ta = BeSn | Columbite, 28 0,042
(discontinuous) Wodginite
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Mining

Nb-Ta

Reserves

%

Deposit Name Compan Countr Status Type of Ore Commodit % T
P pany y P method y Mineralogy Mt Nb,Os 6 Ta0s
Ta, Nb, Sn Li
Mibra / Volta | Advanced Metallurgical _ . . . o Tantalite,
. g Brazil Operation Pegmatite Open pit Feldspar, . 6 0,009 | 0,038
Grande mine | Group . .| Columbite
Albite, Kaolin
Mt Cattlin Galaxy Resources Ltd.| Australia Operation Pegmatite Open pit Li, Ta Tantalite 10 0,015
: . ) . 14 different Ta
Tanco Calnt Corporation Canada Operation Pegmatite Underground | Ta, Cs, Li minelrals 2 0,22
Toongi /Dubbo . . Zr, Hf, Nb, Y, .
. g_ Alkane Resources Ltd. | Australia | Development Trachyte Open pit Natroniobite 73 0,46 0,03
Zirconia Ta, REE
Minsur / Mineracéo Weathered and
Pitinga Mne Taboca ¢ Brazil Operation Fresh albiterich Open pit Sn, Nb, Ta | Columbite 267 0,22 0,027
peralkaline granite
Kenticha mine | Elenilto Minin Ethiopia Operation Pegmatite Open pit Ta, Nb Tanalite, 116 0,02
g P P g penp ' Columbite '
Tantalite,
Tabba Taba | Pilabara Minerals Ltd. | Australia | Operation Pegmatite Open pit Ta Wodginite, 0.318 0.095
Microlite
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. Mining . Nb-Ta Reserves| %
Deposit Name Compan Countr Status Type of Ore Commodit % T
posi pany unty N P method v Mineralogy Mt Nb,Os 6 Ta0s
. Globe Metals & Mining . Bankable Mineralized .
Kanyika . Malawi . . . Open pit Nb, Ta, U, Zr| Pyrochlore 21 0,33 | 0,015
y Africa (Pty) Ltd. Feasibility Nepheline Syenite penp y
Bankable Ta, Sn
Abu Dabbab | Gippsland Ltd. Egypt Granite Open pit o Tantalite 32 0,027
) PP ayp Feasibility ! pen i Feldspar !
Central Weathered Tantalite,
Several artisanal smadkcale mines . Operation . Open pit Ta, Nb I .
Africa Pegmatites Columbite
Table2-2 Nb and Ta Projects Europe
Deposit Name Company Country Type of ore Status Reserves
Penouta mine Strategic Minerals Spain | Spain Alkaline granite | Exploration 95.6 Mt @ 0.009% TaOs, 0.000% NBOs, 0.044% Sn
Alberta Il Strategic Minerals Spain | Spain Pegmatites Exploration 12.3 Mt @ 0.012% TaO0s, 0.044% Sn, 0.204% Li
Motzfeldt Regency Mines Greenland | Syenite Exploration 340 Mt @ 0.19%Ib,Os, 0.012%T 805, 0.46 Zr@
Sokli Yara International ASA Finland Carbonatite Exploration stopped 110 @ 0.1% N}Os, 16.5% FO5
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MINERAL PROCESSING

Despite discrepancies from source to source, about 50% of Ta production is from primary
resources, 30% from scrap recycling and 20% from Sn slags. The contribution of scrap
recycling and Snslagsisincreashg y 0 Ay dz2dzaf @ ® 2 AGK 9! LINP RdzOAY
production at the most, Ta supply is an important and critical issue for the European
industry.

Mineral processing produces a-IlNb concentrate that is eventually treated by extractive

metallurgy, genaally using acid dissolution followed by separation of Ta by solvent

extraction.

Ta is known to occur in a variety of geological horizons. The variety of occurrences of Ta in

nature explains that there is not a single processing method for beneficiatioeloéaring

ores. The 5 principal types are listed hereafter:

T Deposits associated with granitic pegmatites. Mineralisation of Ta occurs as quartz
veins associated with Sn and rare earth elements. Deposits associated with granitic
pegmatites have been thaigest Ta producers in the world. This explains whiNa
concentrate is generally recovered as a byproduct of tin (Cassiteritg) 8nding
(Davis.

I Deposits associated with granits. In general, Ta mineralisation associated with
granitic intrusions havearge volumes and low grade. Other metallic elements that
are associated with Ta include Li, Nb or Sn.

I Deposits associated with carbonatite complexes. Carbonatite complexes often bear
Nb, Ta and rare earths elements.

I Deposits associated with hyperalkalimerusive complexes. These complexes are
economically mined for extraction of rare earth elements, however they can also
exhibit significant grades is Ta and Nb.

1 Deposits associated with alluvial placers. These deposits have high Ta grades. The Ta
ore canbe easily concentrated using simple gravity separation techniques. These
deposits are found in Central Africa (DRC, Rwanda, Burundi).

Notwithstanding the great variety of mineral textures, it can be read that mineral
Tantalum minerals have been identifiedth over 70 different chemical compositions.
Table2-3 (4u and Cheng, 20} ives the main economical ores for Ta production, of
which the first 3 aref greatest economic importance.

MSPREFRAM Z2 ¢ State of the art on the recovery of REFM (Primary resour



Table2-3 The main economical ores for Ta production

ME®

Mineral Formula Ta0OsContent Nb,Os Content
Tantalite (Fe,Mn)(Ta,NbDs 40-80% Tg0s 2-30% NBOs
Wodginite (Ta,Nb,Sn,Mn,Fe)TiOs, 4575% TaOs 1-15% NbOs
Microlite (Ca,N(Ta,Nb)(O,0H,RH 50-79% TaO0s 1-10% NBOs
Columbite (Fe,Mn)(Ta,NbDs 1-40% TaOs 30-75% NBOs
Stueverite (Fe,Mn)(Ta,NF1),0s 5-26% TaOs 7-17% NBbOs
Euxenite (Y,Ca,Ce,U,JTa,NBTi),0p 2-12% TaOs 22-30% NBOs
Samarskite (FeCa,U,Y,QgTa,Nb)Os 15-30% TaOs 40-55% NbOs

The natural cenccurrence of Ta and Nb in-baaringores explains their eproduction from
primary resources. Tantalite is the primary mineral for industrial production of Ta; it is
referred to as ferrotantalite and manganotantalite depending on the presence of Fe or Mn.
It is worth noting however that Nban be found without Ta in the mineral pyrochlore
(NaCaNBOsF).
With modern processing techniques, it appears that 90% of the Ta present in the ore can be
recovered (eg. Tanco mine in Manitoba, Canada).
Notwithstanding artisanal mining from placer deposit<entral Africa, where Ta is either
hand-picked or concentrated using rudimentary gravity separation, industrial beneficiation
of tantalite-bearing ores at the industrial scale relies upon the combination of:
T crushing (jaw, cone or impact crusher) toysal520 mm
T grinding (ball or rod milling) and classification (screens and hydrocyclones) in closed
circuit to <1 mm
I conventional (jig, shaking table), centrifugal (spiral) and enhanced gravity separation
(MGS, Falcon concentrator), depending on the sfabe liberated particles. The
gravity separation takes advantage of the high density of thbélaing phases, with
specific density in the range 6 to 8 depending on the associated phases.
T selective reverse flotation to concentrate the finest material
T regular and high magnetic separation to remove companion magnetic phases.
T Thickening circuit to recycle the process water.

The combination and nature of the abeweentioned processes is more or less complex
depending on the mineralization of the -Baaringores (liberation grain size, textural
associations and minerals present).

With coarse particles (e.g. ores with coarse mineralization and a liberation size of a few
hundred micrometers), a sequence of spirals and shaking tables are used to proelNbe Ta
concentrates.

As the mineralization of tantalite gets finer, the grinding circuit, in particular the
classification step becomes more critical in order to reduce the production of irrecoverable
ultrafine Ta. Fine particle recovery is a major issue in magit®ns, leading to flotation

and enhanced gravity separation.
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The flotation process is generally conducted at controlled pH, thereby requiring pH
regulators and appropriate collectors (eg. alkyl sulfonated succinate, PVPA). The high
consumption of addives is a significant cost factor for the flotation processing ellfa

fines, as well as a pollution issue.

Selective reverse flotation is used to concentratingfilas that are liberated by milling, with

a recovery of the order of 90%. As the flotatiooncentrate is highly diluted {4% solids),
subsequent gravity separation for concentration of fine particles requires efficient gravity
concentration.

For fines recovery, continuous enhanced gravity separators such as the continuous Falcon

separatorca® S dza SR RdzS (2 UGKSANI lLoAftAGe G2 &0l @Sy

conventional gravity equipment rejects (Deveau and Young, 2005). As an illustration, the
following figure shows the evolution of the pefibtation process used by Cabbott Corp. at
the now closed Tanco mine to improve the recovery of Ta fines from dilute flotation product
stream.

L Circunt

Feed

Rougher \/

Stage

Scavenger
Stage

To Final Tuiligs Rgh + Scav Stage Ta Rec: 90%
Enrichment Ratio: 2.6

Cleaner
Stage

Cleaner
Scavenger
Stage

Clnr Stage Ta Rec: 83% Clnr Scav Ta Rec: 73%
Enrichment Ratio: 2.1

Middlings

Figure2-2 Example of gravity circuit process design for improved recovery-idsa
(Deveau and Young, 2008)KS O2 Yo Ayl 0A2Yy 2 7F ubelt separaidreis/ Sa =
replaced with enhanced gravity Falcon separators, allowing a higher recovenfiné3.a

Separation from strong magnetic minerals (as well as iron scraps in recycling) are disposed of
using lowintensity magnetic separation during final4gpading of Ta and Nb minerals.

Removal of quartzalcite is achieved in this manner.

The ore is typically dried and divided into three size grades +200um, +160Q@pm) and

then processed through a ghighintensity magnetic separator to remove the magnetic
constituents and produce a high grade-Nla concentrate.

The TaNb concentrate is then processed by hydrometallurgy to separate out the metals.
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EXTRACTIVE METALLUORG

HYDREMETALLURGY

High puritytantalum is mainly applied in electronic industry for manufacturing capacitors,
which represents 60 % of its consumption. Tantalum is always links in minerals with niobium
and hydrometallurgy process is so often used for the separation and purificatiantafum

from niobium and others impurities.

Leaching
The first step in the industrial hydrometallurgical process is the extraction of Nb and Ta from
high grade Nb and Ta concentrates, after ore and/or pyrometallurgical processing. This
extraction was caied out by acid digestion in a mixture of hydrofluoric acid HF with other
mineral acids, generally sulfuric acig3@. Sulfuric acid lowers the partial pressure of
hydrofluoric acid, thereby reducing volatilisation losses and acid consumption. Theaiminer
acid improves also the dissolution process, increasing the Ta and Nb leaching yields. Such
mixture is indeed a rare medium, in which Ta and Nb are soluble in high concentrations
(several tens g/L). The following reactions are involved:

Y& H O/ P & ¢ YOO 10O v € 0/

Fractional Crystallization

Until recently, the separation process based on fractional crystallization of double fluorides
was used on an industrial scale for the separation of similar elements, such as hafnium from
zirconium and niobium from tantalum. The process for separatiomafaium from niobium
utilizes the differences in solubility of chemical species of one element as compared to that
of another in an aqueous phase in a certain set of conditions. The separation should be
carried preferably at an acid concentration of abduio 7% HF, where the solubility of

niobium complex is nearly 10 to 12 times more than that of tantalum. Apart from acidity,
many other factors, such as temperature and the presence of other ionic species, affect the
solubility of the complex species.

Theseparation of niobium and tantalum by fractional crystallization is accomplished from
their double fluoride complexes with potassium. Since the solubility of potassium
fluotantalate (KTaF) is low, it crystallizes out. The crystalline solid is redisdcdwel
recrystallized. The process is conducted in several stages. The process works quite
satisfactorily and relatively easily as far as the preparation of pure tantalum comfilak K

is concerned.

Silicon, if present, is in the form of%ik. It crystalizes out along with tantalum and,

therefore, remains as an impurity in the tantalum complex. Titanium is invariably present as
Ko TiRs-HO It is partitioned equally between the crystalline and the aqueous phases. The
addition of hydrochloric acid to the agous phase favors the retention of titanium in
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solution, thus reducing its transfer to the crystalline phase. The presence of HCI also
improves tantalum recovery, because it facilitates the dissolution of tantalum oxyfluoride, if
formed during the process

The process as applied to the separation of tantalum from niobium is illustrated below.

MIXED NIOBIUM TANTALUM OXIDES
~40% HF

DISSOLUTION

SQLID /LIQUID
SEPARATION
SOLUTION
(HpTaF7, HaNbOF5)
|

SOLIDS (DISCARD }

[ DILUTION AND HEATING |

PRECIPITATION
OF KgTaF
FILTRATION AND
WASHING

KCL

KpTaF7 KoNbOF 5,
PRECIPITATE SOLUTION

RECRYSTALLIZATION EVAPORATION
IN 1-2 %HF
=If [ CRYSTALLIZATION
SOLUTION KpTaFp
CRYSTALS KzNbOFs. Ha0
DISCARD { CRYSTALS

AFTER FEW
DRYING |
RECRYSTALLIZATION ' 120-150%C | RECRYSTALLIZATION |

IN 1-2% HF
L

[
KaNbOFg . Hp0
CRYSTALS

1
DRYING

Figure 23 Separation of niobium and tantalum by fractional crystallization (Gupta, 1994)

Mixed niobium tantalum oxides are dissolved in concentrdtgdrofluoric acid (35 to 40%

HF) using a slight excess of acid over the stoichiometric requirement for the formation of
fluoroniobic and fluorotantalic acids. The dissolution is carried out in rubbed or lead

lined vessels at a temperature of 70 to°80 After dissolution, solids are separated out and
KCl is added to the solution to form potassium salts. The concentration is adjusted so that
the KNbOF content of the liquor is about 3 to 4%, which is below the solubility limit, and
free HF is less tmal%. The tantalum salt separates out as insoluble negtligped crystals
which are separated by filtration after cooling. Silicon in the form,8ifg nearly half of the
titanium and about one sixteenth to one twentieth of the niobium also precipitate.
Additional purification is accomplished by recrystallization gfdk from 1 to 2% HF. The
mother liquor containg niobium and some other impurities is evaporated allowing the
niobium complex (KrNbQ@Jto crystallize. This is further purified by recrystaition,

whereas the mother liquor is recirculated. By adopting this processing scheme, it is possible
to produce a pure tantalum salt but the niobium complex obtained is not very pure.

For many years, the commercial technology for separating Ta fromudb/éd the selective
crystallization of potassium heptafluorotantalate ;T away from potassium
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oxypentafluoroniobate monohydrate,KbOFE,H,O, discovered by Marignac in 1866. Indeed,
the differences in the chemical and physical properties of newly forfuetide complexes
after dissolution allow the separation of the two elements by addition of KCl;ee#s ten
times less soluble in hydrofluoric acid tharoNKOE,H,O. After several cycles of
crystallisation, this method is excellent for the prodoctiof a relatively pure Ta compound.
The following reaction is involved:

OYOOcg+#H 0 "YO'O ¢06 &

The next figure describes the flowsheet used for the separation of niobium and tantalum by
crystallisation. After dissolution of the niobium and tantalum oxides in hydrofluoric acid with
a slight excess over the stoichiometric requirement to form the ftuscompounds and
precipitation of tantalum by addition of KCI and cooling. Further recrystallisation in HF
solution could be involved to purify the tantalum salts.

Nb and Ta concentrates

|

HF 40 %, —> Dissolution —> Residue

!

Dilution
KCl ——  Precipitation
ﬁ K,TaF, l

K,TaF; precipitate K,;NbOFssolution

Recrystallization <— HF 1-2%,,, Evaporation - Crystallization

l l K,NbOFs.H,0

solution KzTa_F7 l l
purified K,NbOF.H,0 solution
crystals

Discard after few J,
recrystallizations Discard after few

HF 1-2 %,,,, —>| Recrystallization

|

K,NbOFs.H,0
purified

recrystallizations

Figure 24 Flowsheet of the Marignac process for the Nb and Ta separatianyistallizaton

Solvent extraction

Most of the solvent extraction processes developed for niobium are equally employed for
tantalum, as the two elements occur together in different minerals and have very similar
chemical properties. Therefore, the main informatiopisvided in the chapter dealing with
Nb extraction. Herein are included only a few additions concerning particularly tantalum.
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The previous method was progressively replaced by a solvent extraction process from
fluoride containing solution, which wasl2 LJdzf | NAT SR 6& GKS O2YLJ yeé
All commercialised solvent extraction process are indeed exclusively operated in the
presence of fluoride ions, because of the speciation differences between Nb and Ta in a such
medium.

MIBK extractant

Although a lot of extractants have been studied for separating and purifying Nb and Ta ,
methyl isebutyl ketone (MIBK) was widely used industrially, despite of several
disadvantages, such as its relatively high solubility in water (w2, %s low flash pint (14

°C) and its high volatility. However, MIBK is also a not expensive product, has a low density
and viscosity and can be purified by steam distillation and recycled through the system.

The key parameter of the solvent extraction by MIBK is theddcentration, which controls

the degree of separation as well as the recovery of the two metals. Indeed, niobium forms
the fluoride complexe$ o U "Cat low acidity and) & "Gat high acidity, whereas tantalum
forms”Y "Oat low acidity andYc "@t high acidity. As the speciésw U "Care very few
extracted by MIBK, it is possible to separate these two elements. On the other hand, the
impurities such as iron, aluminium copper, manganese, calcium and silicon are not extracted
and left in the raffinate. Very pure tantalum and niobium g@uets can be obtained with
impurity in the range of 4.0 a mg/L. The chemical mechanism is the following:

Ta extraction!Y®™O ¢O 0006086 O'YOOO v

Ta stripping:'O" YO @O0 v 00 £ YOO ¢OOU 0060

Acidificationt & 'O 00 O § 0§ ®O

Nb extractioni ®"0 'O 0086 & Q) G'B06 L

Nb stripping'@ @ ®06 V00 £ 0 OO O 00 ¢O 0 06 U

An another strategy, which was developed by the Ames Laboratory is to dissolve the Nb/Ta
containing metals in a binary acid system, hydrofluoric acid and high concentrated sulfuric
acid. The two fluoro Ta and Nb complexes are subsequently extracted,dagheimmpurities

in the aqueous layer. Niobium is then separated from tantalum by reducing the acidity and is
stripped into the aqueous phase. Finally, the Ta fluoride complex is stripped from the
organic phase with water.

The final purified products aréhén recovered by precipitation either with N&H or KCI in

the case of tantalum (as the Marignac process). The different chemical reactions involved
are the following:

COYOOpOBO ( 1O/ § YO ROV p U 00 WO/

€ TOYOOc+ #fl 0 "YOO (06 a

The hydrated Ta oxides can be then dried and calcinated to obfam . The potassium
heptafluorotantalate KTaF is used to produce Py reduction with metal sodium.

The following simplified flowsheet presents the different steps.
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Nb and Ta concentrates

HF - H,S0, —— Dissolution —>  Residue

[Flu = 13M H,0 NH; ou KCI

[H,50,] =3M organic l agueous l
MIBK ——| Taextraction —> Ta stripping —> Taprecipitation —> Calcination

arganic
aqueous l 1’
MIBK recycling Ta,0; ou K, TaF,
H,S0, —>  Acidification
H,50, 1M NH;
(H;50,] = M organic J, agueous l

MIBK ——  Nbextraction —>  Nbstripping —> Nb precipitation — Calcination

agueous l lurganic \L

Effluents MIBK recycling Nb,0Os

Figure 25 Example of flowsheet for the Nb and Ta separation by solvent extraction MIBK

Extraction tantalum in TBP goes, as for niobium, through the formation of solvated
complexes. Thextraction is usually accomplished from the fluoride media. At very low
concentrations of HF, tantalum is extracted through the solvation mechanism as
Ta(OH)FNTBP and TaiRTBP. At intermediate HF concentration, the extracted species is as
HTak-3TBP, and@t an acid concentration of more than 10 M HF, tantalum is extracted as
H,TaR-3TBP.

The extraction of tantalum by anion exchangers is relatively less sensitive than Nb to the
concentration of hydrofluoric acid; e.g., the distribution coefficient of taetalum remains
constant at about 200 in the acidity range of 1 to 5 M HF. The distribution coefficient of
niobium, on the other hand, decreases very sharply when the HF concentration is increased
to 2 M. The separation factor fmpin a TOA fluoride sysm under optimum conditions is

of the order of 400. Liquid ion extractant can be used to extract both niobium and tantalum
collectively into the organic phase in the first instance. Subsequently, te&traction or
backextraction is carried out selegtly to effect the separation. In the case of HF medium,
the re-extraction of tantalum can be carried out with concentrated HNO3 (9.5t0 12.5 M
HNQ) or 25% NKEDH. Generally, the extraction of tantalum is favored from fluoride media;
the extraction of niolum, on the other hand, is favored from HCI acid solutions with acidity
of over 4 to 6 M or from solutions containing a high concentration of chloride ions.
Extraction of tantalum from HCI acid media can be improved to an almost quantitative level
by the aldition of about 0.25 M HF. Niobium and tantalum have also been extracted as
tartarate and oxalate complexesin-mtoctyl amine and as citrate complex in Aliquat 336.
The extraction of tantalum as fluoride complex is also possible by using Amberfitad A
anion exchanger.
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Alkali fusion

In the case of high grade concentrates of columibétetalite, alkali fusion coupled with acid

f SFOKAYy3 gt a dzaSR 2y |y AyRdzaGNARFf aoltS Ay
NaOH/NaCQ or potassium alkadis as KOH fusion were performed. In the first case, the

fused mass was leached with water and afterwards with hydrochloric acid to obtain Nb and

¢l 2EARS&®P ¢KS LIJzZNBNJ 2EARS&a 6SNB (KSy &SLI NI
the second case, thusion of the columbitegantalite at high temperature (80Q 1000 °C)

with caustic potash was followed by a leaching with water to solubilize the potassium
niobate and tantalite with some impurities. Nb and Ta were then precipitated by NaCl
addition and éached with hydrochloric acid to remove the remaining impurities and convert

the sodium complexes into oxides. The next figure resumes this process.

Figure 2-6 Alkali fusion process from columbit¢éantalite

[PYRGMETALLURGY

Theoretical introduction tgyrometallurgical extraction of Tantalum

Niobium and Tantalum are sister elements that have very close chemical behaviour and
properties in terms of extraction, theoretical aspects of Tantalum from primary sources can
be inferred in Chapter 4 on Niobiuextraction. That is why it has been decided to focus on
this part on the separation of these two elements that is needed to produce Tantalum.
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