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ABSTRACT

Amongst various refractory metals, tungsten has the greatest potentiality for high temper--
ature applications due to 'its exceptional strength to weight ratio at temperatures above:
1370°C (2500°F). During the past three decades significant research efforts have been direc--
ted towards the improvement of the conventional metholds of tungsten extraction and to devop-
new processes to reduce the number of steps from ore to metallic tungsten. In this paper ge-
ological occurrence of tungsten minerals and principles of benefication methods are outlined..
The commercial processes of extraction from wolframite and scheelite and different approac-
hes to the reduction of tungstic oxide are discussed. Methods of recovery from scrap and the:

current research efforts are also reviewed.

* This Paper is a”revision of the paper “Extractive Metallurgy of Tungsten,” pp. 205~230 in Extractive
Metallurgy of Refractory Metals, edited by H.Y. Sohn, O.N Carlson, and J.T. Smith; ¢ 1980, The-
Metallurgical Society of AIME, Warrendale, Pennsylvania 15086, U.S.A.

** M.Shamsuddin, formerly Visiting Scientist, is a Readerzat the Department of Metallurgical Enginee~
ring, Banaras Hindu University, Varanasi-221005, India.
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Fig. 1. Tungsten production processes and product applications(Ref. 4, p.428)

I. Introduction

Tungsten belongs to the VI Group of the
Periodic Table. It has a melting point of
3410°C and boiling point of 5927°C. Its spec-
ific gravity is 19.3. Tungsten is the most
important member of the refractory group
metals. Amonst the pure refractory metals it
has the highest potentiality for structural
purpasses in high temperature applications
due to its exceptional strength to weight ra-
tio at temperatures above 1370°C (2500°F).
The most important usage of tungsen in un-
alloyed form is for incandescent lamp filam-
ents dus to its unique combination of high
melting point, favorable radiation range, low
vapor pressure, and high shock resistance.
In addition, tungsten wires and rods are used
as heating elements for high temperature
furnazes and fluorescent lamps, electronic
heaters and emitters, x-ray and transmission
tubas, lamp filamsant supports, glass-to-metal
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seals, electrical contacts, electrodes for arc
lamp, and in welding and electric discharge
machining.

Alloying tungsten with niobium, tantalum,
molybdenum, rhenium improves ductility and
high temperature strength. In recent years
these alloys have found applications in space
vehicles and tubings in nuclear reactors, and
as x-ray targets. Addition of tungsten in
niobium and tantalum increases tensile and
creep strength at elevated temperatures. Th-
ese alloys are used in high temperature gas
turbine vanes, rocket nozzles, flame shields,
space vehicle parts, and containers in very
corrosive environments. Tungsten is an imp-
ortant alloying element in tool steels. Ceme-
nted tungsten carbide has its importance in
cutting tool applications.

Tungsten was isolated from its mineral,
wolframite in 1753 by Spanish Scientists J.J.
Elhujar and F.deElhujar? In 1847, Oxland®
patented a process to obtain sodium tungstate
which can be used to produce high purity



tungsten. In 1910, Johnson® developed a me-
thod to decompose scheelite with hydrochloric
acid. The recent book on tungsten by Yih
and Wang® has reviwed as the occurrence,
geology, mining and beneficiation of tungsten
.ores as well as extraction of tungsten.

It the present review geological occurence,
and principles of beneficiation of tungsten
ores will be briefly mentioned. The commer-
cial methods of extraction will be di-cussed
with the aid of flow sheets. In tungsten ex-
‘traction hydrometallurgy plays an imporant
role. Figure 1 out lines the methods of pro-
.duction of tungsten from ores and applicati-
.ons of products. The current research trends
viz. chlorination and electrolysis as alterna-
tive routes for tungsten extraction and reco-
very of tungsten from brines will also be
reviewed.

. Occurrence

Tungsten does not occur in elemental form.
In the earth crust its concentration ranges
from 1 to 1.3 ppm® and ranks about 18th
among the metals and 26 th among the elem-
ents of relative abundance. The principal
.ores of tungsten are categorized in two groups
viz. wolframite (Fe. - MnWO) and schee-
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lite (CaW(0,). Noncommercial minerals are
anthionite AI(WO,) (OH). H.0; cuprotungst-
ite, Cu;(WO0,)(OH).; ferritungstite, Ca:Fe,**
Fe 2  (WO,)* 9H.0; raspite, PbWO, etc. The
minerals ferberite, wolframite, and hue-
bnerite belong to wolframite group. Scheelite,
CaWO, is the only mineral of importance in
scheelite group.

Tungsten deposits are distributed through-
out the world, but major reserves are conce-
China,
Soviet Union, United States, Korea and Bol-

ivia, Major U.S. producers of concentrates

ntrated only in a few countries viz.

and tungsten processors can be found in Ref.
5. China is the largest producer of tungsten
concentrate® Table I summarizes the estima
ted world tungsten reserves, approximate an-
nual production with consumption in different
countries., The high grade wolframite deposits
of China are mined in Nanling and Kiangi.
In the Soviet Union, mines are located in
North Caucasus, Transbaykal Far East, Cen-
tral Asia, and Kazakhstan. In South Korea
about 90% of the total tungsten of the coun-
try is obtained from the Sang Dong Mine.
The Chojla Mine of Bolivia is the largest
producer in South America. Canada has large
reserves of Tungsten ore but relatively low
annual productijon.

Table 1. World Reserves, Annual Consumption, and Production of Tungsten Ores and Concentrates®

(unites: 10°kg contained tungsten)

Country Estimated® Annual® Annual Production®
Reserves Consumption 1973 1974 1975
World 1881.8 (34.5) (37.600)%  (87.200)®  (37.800)
Africa (0.830)% 0. 659)® (0. 835)
Namibia na na 0.22 -_— 0. 007
Nigeria (0. 001) (0.001) —
Southern Rhodesia 0.154 0.191 0. 038
Rwanda 2.3 na 0.302 (0. 260) 0.425
South Africa na 0.27 0. 001 — —
Uganda (0.109) (0.109) (0.109)
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United Republic of Tanzanla

Zaire
North and Central America
Canada 216. 4
Guatemala
Mexico 0.9
United States 108.2
South America
Argentina na
Bolivia 39.5
Brazil 18.2
Peru na
Asia
Burma 31.8
China 955.0
Democratic People’s Republic of Korea 114.0
Hong Kong
India na
Japan 2.3
Malayasia 14.5
Republic of Korea 45.9
Thailand 18.2
Europe
Austria na
Czechoslovakia na
East Germany na
France na
Poland na
Portugal 10.0
Spain na
Sweden na
United Kingdom na
U.S.S.R. 159. 1
West Germany na

Netnerlands(excluded from totals) na
QOceania

Australia 34.5

New Zealand

0. 001" — 0. 001
0. 2409, 0.198% 0. 225%
(5.262)»  (5.149)® 3.848
0.23) 1. 669 1. 280 1.075
0.043 0. 006 0.001
na 0.348 0. 309 0.277
6.59 3.202 3.554 2.495.
3.878 3.724 4. 464
0.05 0.082 0.087 (0. 056)
na 2.075 2.044 2.693
0.18 0.926 0.911 1.133
na 0.795 0.682 0. 582
(16.145)%  (16.204)»  (16.792)
na 0.50 (0. 340) 0.244
(0. 64) (8.000) (8.500) (8. 980)
(1.59) (2.1500%  (2.1500®  (2.150)
(0. 005) (0. 005) (0. 005)
0.14 0.017 0.015 0.025¢
3.18 0.831 0. 769 0.913
na 0.125 0.013 0.106
na 1.915 2.180 2.533
na 2. 602 2.204 1.773
(10.236)"  (10.280) (10. 726)
1.68 — — —
(1.36) (0. 075) (0. 080) (0. 080):
0.36 na na na
1.32 0. 695 0. 593 0.867
1.68 na na na
0.32 1. 502 1.478 1. 467%
0.14 0.312 0.347 0.351%
1.50 0.234 0.166 0. 151
3.18 0.013% 0.016 0.010
(6. 55) (7. 400) (7. 600) (7. 800)
3.23 na na na
0.23 0. 289 0. 485 0.646
1.240 1.129 1.158
0.05 1.239 1.125 1.533
0.001 0. 004 (0. 005)

1) Ref. 4

2) symbols: parentheses indicates estimated value; dash indicates nil or negligible; na not available

3) preliminary or provisional
4) revisad

II. Beneficiation

As tne amount of tungsten in the ore har-
dly exceeds 3%, upgrading by physical ben-
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eficiation methods are necessary to raise the
concentration of WO; at least to 60%. In

general, tungsten minerals are first liberated
by cruhshing grinding, and sizing. The result-
ing fines are concentrated by heavy media,



Tagnetic or electrostatic separation, tabling,
and flotation. Occasionally, leaching and/or
roasting may be employed to remove arsenic,
sulfur and organic matter. It is beyond the
scope of this article to go into details of
each method. However, it would be appr-
opriate to mention briefly the principles of
beneficiation. Mineral characteristics such
as specific gravity, friability, hardness, clea-
vage and magnetic properties are important

variables for designing concentrators. Ores
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containing powellite are subjected to chemic-
al treatment to remove molybdenum. Throug-
hout the world, tungsten minerals occur in
quartz veins. These can; be easily curshed
and concentrated by jheavy media or sink-
float process. Table 2 lists the separation
characteristics of different minerals whereas
common approaches to separation of 'different
types of tungsten ores have been summarized
in Table 3,

Table 2. Mineral Separation Characteristics® (Ref 4, p.56)

Minerals floating with scheelite

Minerals that do not float

Specific Slightly Slightly  nonmagnetic
gravity Magnetic magnetic =~ Nonmagnetic Magnetic magnetic
7.5 Wolframite
Ferberite Cassiterite
7.0
6.5
6.0 Scheelite
55
Magnetite
5.0 Pyrite
Ilmente
Pyrrhotite® Molybdenite
4.5 Powellite
Chalcoyrite
Garnet
3.5 Kyanite
Epidote
Olivine
Apatite Sillimanite
Fluorite
3.0
Biotite
Muscovite
Beryl
Felspars
Calcite®
Quartz
2.5

1) typical conditions using oleic acid, sodium silicate, and quebracho (tannin); pH 10

2) depressed by cyanide
3) flotation separation not complete
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Table 3. Common Approaches to Mineral Separation (Ref.4, p.56)

Ore

Scheelite, simple ore

Scheelite, sulfides
Scheelite-cassiterite. concentrete
Scheelite-calcite-apatite
Scheelite-powellite concentrate
Wolframite, simple ore
Wolframite-cassiterite ore
Wolframite-scheelite concentrate
Wolframite-sulfides

Process

Gravity, flotation, magnetic

Gravity, sulfide flotation, roating, magnetic
Electrostatic

Flotation, gravity, leaching

Chemical processing

Gravity, flotation, magnetic

Gravity flotation, magnetic

Magnetic

Sulfide flotation, gravity, magnetic

Figure 2 presents the flowsheet practiced
by the Pine Creek mill near Bishop, Califo-
nia, and the Sang Dong mill in Korea. In
the recent past, the Glen mill in Montana
followed this flowsheet. A typical flowsheet
for concentration of scheelite with high sulf-
ide content practiced by Canadian Exloration,
Ltd. Salmo, British Columbia is shown in
Figure 3. Recently developed Swedish flota-

ater3ar ®203 ® 5% 1982 108

tion process” on pilot plant scale provides.

% 80% recovery of WO; in the presence of flu-

orspar, calcite, and apatite. Development of
new collectors may improve the overall reco-
very of scheelite. In this regard, use of dod-
ecylammonium chloride® and lipids of the
fungus Blakeslea tripora® have been evalua-

ted recently.



V. Extraction

On account of its extremely high melting
point, tnngsten is extracted by hydrometall-
urgical processes. The main objective of the
extraction process is to convert tungsten
contained in the ore concentrate to an inter-
mediate compound viz tungetic acid or amm-
onium paratungstate (APT) S5(NH): 0.12
WO; which can be reduced to yield metallic
tungsten in the subsequent reduction process.
Such a conversion needs steps such as pretre-
atment, chemical ore breakdown and purific-
aiton of the leach liquors. Although a num-
ber of routes have been suggested only a few
have come up ‘to the commercial scale. In
this section, we shall briefly discuss three
commercial proecsses for extraction of tungs-
ten from wolframite and scheelite concentra-
tes.

Often wolframite and scheelite are associa-
ted with arsenides and sulfides which arenot
completely removed during mineral benefici-
ation operations. In addition,¥scheelite occurs
with apatite minerals. Presence of these imp-
urities causes problems in the purification of
tungsten metals. From scheelite these impur-
ities are removed by hydrochloric acid leac-
hing(4). In general, sulfur, arsenic and org-
anic matters from tungsten concentrates are
removed by rcasting the concentrate at 600°
to 800°C for 2 to 4 hrs.

1. Caustic Leaching Process
Sodium hydroxide solution can decompose
wolframite according to the following reacti-
on:
Fe(Mn)WOQO; + 2NaOH—Fe(Mn) (0H), +
Na, WO, 48
However, this method is not much used in
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practice as low grade wolframite produces
highly contaminated solution. Further, caustic
solution is incapable of attacking more abu-
ndant mineral, scheelite. The process further
suffers from the additional problem of fitra-
tion due to the formation of scdium silicate.
A flowsheet!® shown in Figure 4 based on
caustic leaching of wolframite to produce
ammonium paratungstate is practed by Wic-
kman Wimet Limited of the United Kingdom.
For efficient digestion the ore is ground to-
300 mesh and leached with 40% to 509 sod-
ium hydroxide sclution at 100° to 105°C. The
process is carried cut in a mild steel tank
using 50% excess alkali, The vessel is steam
jacketed and fitted with a turbine which
agitates the suspended solid and accelerate
the formation of sodium tungstate. Recovery

of tungsten amounts to 089%.
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The liquoor is diluted at 80°C, f{iltered to
remove solid residues and treated with sodi-
um peroxide to oxidize tungsten. The highly
concentrated solution containing about 250g/?
of sodium tungstate is neutralized with hyd-
rochloric acid and the final pH of the soluti-
on is adjusted to 10.5-11.5
and iron oxide are removed by filtration thr-
-ough pressure filters. The clarified sodium
tungstate solution is pumped to a rubberlined

Silica, alumina

mild steel tank. Calcium tungstate is precipi-
tated by the addition of 35% calcium chloride
solution. The precipitate is then treated with
50%5 hydrochloric acid at 40°C to obtain tun-
gstic acid which is filtered and washed with
hot hydrochloric acid to remove calcium.
Tungstic acid cake is further purified by
treating with 50% ammonium hydroxide(sp.
£r.0.880). One liter of concentrated NH,OH
is required to dissolve 1kg of WQ;. The tur-
bid solution is filtered to remove silica, alu-
mina and calcium oxide. The ammonium pa-
ratungstate solution is neutralized with conc-
entrated HCI to a pH of 7.0 to

7.5

{-

and hea-
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ted to 75°C. APT is crystallized in 6 hours.
The crystals are washed and dried. The mo-

ther liquor is further treated for the recovery
of dissolved tungsten.

2. Acid Leaching Process

Scheelite concentrate can be decomposed to
form solid tungstic acid by hydrochloric acid
according to the following reaction:

CaWO, + 2HCl--CaCl, + H,WO, 3]
Tunstic acid is separated by filtration and
washing. The process flowsheet practiced by
Wah Chang Corporation at Glen Cove, New
York is shown in Figure 5. Ten tons of
concentrate(60% to 75% WO;) ground to-200
mesh is leached with commercial hydrochlor-
ic acid. In general 100%; excess a-ii is used
in the presence of sodium nitrate as an ox-
idizing agent. The entire charge is agitated
by steam spraying anl maintained at 7¢°C
for 12 hours. The slurry is diluted and allo-
wed to settle and washed by settling and
decantation.

Pure ammonium paratungstate from crude



Fungstic acid is produced by digesting the
acid with aqueous ammonia at 60°C for 2
hrs under stirring. One kg of 28% ammonia
is required for one kg of WO, Calcium
from the resulting soluticn is precipitated as
Colloidal

.and silica are removed by treating the solut-

calcium oxalate. iron hydroxide
ion with activated carbon. The solution is
clarified through pressure filters and evapor-
ated 'to obtain APT crystals. The extent of
crystallization of APT depends upon the im-
purity level in ammonium paratungstate sol-
ution, desired purity and recovery. Phospho-
rusand arsenic can be reduced to below 10
ppm by treating tunstic acid with MgO. APT
crystals are washed after separation from the
mother liquor.

The mother liquor and wash water are
combined and treated with sodium hydroxide
to obtain sodium tungstate. Ammonia from
the solution is removed by heating to 70°C.
The pH of the soluticn is adjusted to 10.5-
11.5 by adding hydrochloric acid and molyb-
denum is complexed by the addition of sod-
ium bicarbonate and sodium hydrogen sulfide.
The filtered solution is treated with calcium
chloride at 70°C for 1 hr. under stirring to
precipitate calcium tungstate, known as synt-
hetic scheelite.

3. Autoclave-Soda Process

Wolframite and scheelite can be decomposed
‘by roasting (4) the ore with sodium carbonate
in a rotary Kiln at 800° to 900°C in the pre-
sence of oxidizing agents viz. NaNQO; or Mn-
0.. The process was not developed to indus-
trial scale due to the high maintenance requ-
irement of the kiln and large amount of soda
loss. Further, the complete conversion of
impurities like P, As and Si to soluble salts

;presents problem in the purification of the
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leack liquor.

In 1939, Maslenitskii!” reported the decom-
position of scheelite with sodium carbonate
solution under pressure accerding to the rea-
ction:

CaWO, -+ Na:C03—Na, WO, + CaCO; (3)
Following this pioneering work Malsenitskii
and Perlov,'® Zelikman ank Rakova!®? car-
ried further investigations. A decade ago
studied in detail the
kinetics of dissolution of scheelite in alkaline

Queneau and Cooke!®

aqueous solutions. They concluded that the
diffusion of Ca**jor CO; " through the calcite
layer formed during leaching may be the rate
controlling step. However, according to Zeli-
kman and Meerson!® the rate of leaching is
controlled by the rate of chemical reaction.
As the process is more applicable, it has rec-
eived the attention of a number of researchers
and thus has undergone some important imp-

rovements.

A commercial plant based on the sodium
carbonate leaching of scheelite is under ope-
ration at Bishop Mine, California for the last
20 years. Figure 6 shows a flowsheet of the
autoclave-soda process practiced by Teledyne
Wah Chang, Huntsville, Alabama.

In industrial practicies, scheelite concentr-
ate ground to-150 to -+ 325 mesh is leached
with 10% to 18% sodium carbonate solution
at 190° to 325°C for 1.5 to 4 hrs in autoclave
at a pressure of 150-350psi. Low manganese
wolframite can also be leached by this proc-
ess. The maintenance cost of the process is
low but a large amount of excess sodium
carbonate is reqired to achieve a recovery of
98%.
300% excess over the stoichiometric require-

Actual amount varies from 150% to

ment depending upon the grade of the ore
being processed. The leach liguor contains
some of the impurities in the ore. These must

HWAHAK KONGHAK Vol. 20, No. 5, October 1982
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(Ref. 4, p.120)

before the
intermediate compound is prepared. The most

be reduced to acceptable levels

deleterious impurities are silica, phosphorus,
arsenic and molybdenum which are removed
by chemical treatment. Prior to the removal
of unreacted gangue by filtration, aluminum
and magnesium sulfates are added at 70° to
80°C and the solution with pH of 9-9.5 is
stirred for 1 hr. Two stage treatment brings
silica content in the range of Q.03 to 0. 06g/!.
Phorphorus and arsenic are removed as mag-
nesium phosphate and arsenate, respectively.
Residues are separated by filtration.

Molybdenum is removed as molybdenum
trisulfide. The solution is first treated with
sodium sulfide or sodium hydrogen sulfide at
80° to 85°C for 1 hr at a pH of 10 to form
thiomolybdate complex as follows: .

Mo0O42~ + 452~ 4+ 4H,0—>MoS:?- + 80H- (4)
Finally molybdenum trisuilfde is precipitated
by acidifying the solution(pH = 2.5-3.0) un-
der stirring for 7-9 hrs.

MoS?- + 2H;0°—MoS; + HeS + 2H:0  (5)

The purified sodium tungstate solution after
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filtration is stored in a tank for pH and
temperature adjustments. The plant at Hunt--
sville uses continuous LIX(liquid Ion Excha--
nge) process for APT production. As shown
in Figur 6, the process has separate impurity
removal step and a wide variety of ores can
be treated. Further, the labor requirement of
the process is low and uniform quality of
product and a yield over 98% is achieved,

In LIX process sodium tungstate solution.
(pH 1-7) is allowed to contact with an extr-
actant comprising of 7 9% amine-336, 7 %
decanol, and 86% kerosene by volume. During
countercurrent flow of two phases tungstate:
ions are transferred from the aqueous phase:
to the organic phase according to the reacti--
on:

(g(RaNH-Hsooz} - [(onsz)n- ]

worg.

=

@g)

[(RsNH)a-W,,osz} - [n(Hsoh)}mq

(OTF )

(6)

The extraction is pH dependent and sufficie--
In this pH.
range, according to Kim et al.1®

ntly high in the range of 1-3.
tungstem:



may be present as Wi,04H,%", W02 H5-and
Wi10:2-. The organic phase leaving the ext-
raction section is scrubbed with deionized
water to remove contaminated sodium ions.

Tungsten from the loaded organic phase is
stripped into aqueous phase of ammcnia sel-
ution containing ammonium tungstate. The
presence of free ammonia in the aquecus
phase at 60°C prevents the precipitaticn of
APT in the stripping circuit. Chiola and Lie-
dtke!” have studied in detail, the concurrent
stripping system. The organic phase after
stripping of the tungsten value is recirculated
for extraction and the ammonium paratungs
tate solution is sent to the evaporator for the
crytallization of APT.

V. Production of Metallic Tungsten

Ammonium paratungstate can be directly
reduced to tungsten or first converted to tun-
stic oxide. However, the reduction of oxide
is generally preferred over APT.

The direct reduction of APT produces large
volumes of ammonia and water vapor which
cause problems in recovery of hydrogen.
Thus conversion of APT to tungstic oxide
happens to be the first step towards metal
producticn. Tunsten has various oxides which
are distinguished by colors for example, tun-
gstic oxide(WQ;) — yellow; tungsten dioxide
(WO,) — brown; and intermediate oxide(W,
O11) — purple blue.

1. Decomposition of APT

APT is decomposed to yellow oxide at ab-
ove 250°C in a furnace under the flow of air.
A strongly reducing atmosphere is needed to
produce blue oxide at 490°C. Both staticnary
as well as rotary furnaces electrically heated
or gas fired are employed for decomposition
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(4). Inconel boats loaded with APT powder
are moved through the hot zone for 4.5-5.
hrs. A slight pressure of hydrogen is maint-
ained at the discharge end of the furnace..
The flue gas after reduction is scrubbed for
ammonia and hydrogen recovery. Rotary
furnaces are divided into three zones mainta--
ined at three different temperatures of 850°C,
875°C, and 900°C. Material passes from one-
zone to the other through central holes at
the partition. For yellow oxide producticn, a
stream of filtered air is introduced into the-
furnace whereas for blue oxide, a reduced
pressure(38. 1mm 1g) is maintained.

2. Reduction of Tungstic Oxide

Tungstic oxide can be reduced by means:
of a suitable reducing agent R according to:
the reaction:

2 R+ W03-»W + R.0; @
where R stands for a trivalent metal. In or-
der for this reaction to proceed in the forwa-
rd direction, the free energy change should:
be negative, i.e. metal oxide should be more-
stable compared to WO, at the temperature
of - reduction. For convenience, reductant sho-
uld have high boiling point and should be:
easily available at a reasonable price. The
reaction should be exothermic so that ounly a.
small amount of heat is 1equired at the begi-
nning to start the reaction. For example, red-
uction reactions with calcium, magnesium and
aluminum are sufficiently exothermic but
silicon, carbon and hydrcgen require external
heat. On commercial scale, hydroegen reduct-
ion is preferred due to the high purity of
the reduced powder.

Prior to the development of hydrogen red-
uction methed, tungsten powder was prepa-
red by carbothermic reduction of tungstic

oxide at above 105¢°C. Thke methcd yields
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powder with about 0.15% C which has limited
applications in alloy steels where purity regq-
uirement is not rigid. During the process of
reduction, resulting powder reacts with car-
bon to form carbides(W,C and WC). The
purity varies from 98% to 99.6% with com-
‘mon impurities of Si, Fe, S and P.

During the past seven decades, a number
-of attempts have been made to produce tun-
gsten powder by metallothermic reduction
using sodium, magnesium, calcium, alumin-
um, silicon and zinc.

According to a British patent!® tungsten
-oxide has been reduced with aluminum at
1700°C. Cupta and Jena!® have reported a
process for the preparation of massive metal
by aluminothermic reduction of tungstic oxide
in a closed-magnesia line reactor in the pres-
ence of sulfur at the initiation temperature
of about 450°C. Addition of sulfur and exess
of aluminum to the charge facilitates the
formation of low-melting Al:O;"AlS; slag
during the reduction process. This helps the
separation and consolidation of the metal and
provides better yield. The reaction initially
is triggered by small amount of calcium and
sulfur in the charge.

Suanstrom and Ramgvist?® have obtained
‘tungsten alloy by smelting tungsten ore with
aluminum and/or silicon in an electric furn-
ace in the temperature range 1800° to 2000°
C. The alloy is crushed and chlorinated with
HCl gas. The use of calcium has GLeen repo-
rted to a limited extent due to its high cost.
-Good et al?V have reduced WO, with calcium
in a closed vessel in the presence of sulfur.
Okage?® has been successful in reducing WO;
with zinc in the temperature range 750° to
850°C in hydrogen, nitrogen, coal gas and
nonoxidizing atmosphere. The product was
leached with hydrochloric acid to remove zinc
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oxide. In a French patent?® tungsten carbo-
nyl has been produced by reacting mineral
oxide with CO under pressure in the presence
of iron carbonyl. The resulting carbonyls are
fractionally distilled.

On industrial scale, tungstic oxide is redu-
ced with hydrogen. The reduction takes place
in stages and the corresponding reactions are

represented as follows:

4W0O; + H:»W,0n + H20 ®
1/8 W4 On + H,—4/3WO0; + H.0 (9
1/2 WOz -+ Hz—"l/ZW + H,O (10)

Furnces used for reduction are similar to those
used for the decomposition of APT. Yellow
oxide is loaded in boats which are passed
into the furnace countercurrent to the move-
ment of hydrogen gas. During reduction avd-
rogen molecules are dissociated and adsorbed
on the surface of tungsten metal and exhibit
catalytic effect. The effect is inhibited to a
large extent by the presence of water vapor.

Particle size of the reduced powder is con-
trolled by the H.O content of the gas which
is affected by temperature. To obtain fine
powder a high rate of hydrogen flow to rem-
ove water vapor generated during reduction
should be used. The depth of oxide in the
boat affects the H:O content in the gas pha-
se. Coarsening of powder can be avoided by
adjusting the temperature in different zones
separately so as to have gradual reduction
from lower to higher temperature.

VI. Ptoduction of Ferrotungsten

A major amount of tungsten in the form
of ferrotungsten is used in the steel indust-
ry. Ferrotungsten can be made by metalloth-
ermic reduction of ore concentrate in a cruci-
ble furnace. Carbon, silicon or aluminum are

commonly used as the reductants. On indus-



trial scale, it is manufactured by the direct
reduction of tungsten ore with carbon in an
electric furnace, The resulting product is
refined and decarburized to obtain ferrotung-
sten of required specification. Ferberite conc-
entrate (4) in general can be reduced with
259% excess carbon in an electric furnace as
per the reaction:

FeWQ, + 4C—(Fe — W) + 4CO 1)
Silica in the ore is fluxed with lime and
fluorspar.

VI. Tungsten Recovery from Scrap

Tungsten carbide tool bits, spent catalysts,
grinding sludge, metal scale and machine
chips constitute a major part of tungsten
scrap. Method of recovery varies with ,the
type of scrap.

Metallic scrap is oxidized in a stream of
air or reacted with sodium nitrate at higher
temperature under constant agitation (1).
The agitation breaks oxide layer and thus
fresh metallic tungsten is oxidized. Kalashnik
et al.2® modified the above process for the
treatment of Mo-W alloy scrap. In this method
about 98% of Mo is volatilized from the scrap
by conducting oxidation below 800°C. In a
recent report, scrap is roasted with a mixture
of NaNO; or NaNO; and Na.CO; at 800°C for
1 hr. Oxidizing agent and sodium carbonate
in a proportion of 3 :1 is used for treatment
of tungsten steel?® and 1:3 for tungsten
chips and grinding dust.?® In this oxidizing
roast process tungsten is converted to WO, if
air is used as the oxidizing agent and to Na.
WO, if NaNOQO; is used. Sodium tungstate is
leached with hot water and filtered to remove
insoluble gangue. Tungstic oxide is leached
with sodium hydroxide solution and further
treated by the established methods of tungs-
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ten recovery.

Carbide scrap can be treated by a variety
of methods. In the cold stream process, mas-
sive stationary carbide target is shattered by
impinging with a high velocity stream. The-
resulting particles are then air classified and’
the oversize particles are recycled for further
imingement. The fines are resintered. In the-
zinc process®’»2® tungsten carbide is treated’
with molten zinc to alloy cobalt, the cemen-
ting agent. Zinc is removed by distillation:
and thus mixture of carbide and the cemen-
ting agent can be recovered for reuse. In
another process known as leach-milling (4)
cemented carbide is treated with mineral acids:
to dissolve binder metal in a rotating rubber--
lined mill.

A number of investigators have sugggested’
chlorination as a means to recover tungsten:
from carbide scrap. However, difficulties may
be due to carbon buildup on thejcarbide gra-
ins. The problem can be overcome by perio-
dic circulation of CO. to form CO?®. Chlori--
nation forms a step in the treatment of cata--
lysts containing 10% W, Mo or V in alumina.
or silica as the base material. Erikson et al.3®
have suggested a method in which material
is treated with hydrogen sulfide or carbon
disulfide and then chlorinated with chlorine-
or carbontetrachloride at 290° to 370°C. The
resulting chloride mixture is separated by
distillation.

General Electric has been awarded paten-
ts31:32 for developing a process to recover tun-
gsten from heavy alloys, thoriated tungsten.
and tungsten carbide by electrolytic methods.
In this procss, scrap is oxidized anodically in:
an electrolytic cell having mixture of hydro--
xides of sodium, potassium and ammonium
as electrolyte. The resulting tungsten solut-
ion is purified by LIX process. Balikhin et
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:al®® have studied electrolytic dissolution of
-thoriated tungsten. Zueva et al.3¥ have atte-
mpted separation of molybdenum and tungs-
-ten by the anodic dissolution of alloys in acid
-media.

\lI. Current Research Efforts

Increasing demand of tungsten in various
-froms and depletion of the ore quality have
-encouraged researchers towards the develop-
ment of new processes as well as improvem-
.ent of the conventional ones. The present
.commercial methods based on hydrometallur-
-gical principles have been developed for a
particular type of ore. They cannot be empl-
oyed to treat complex minerals or mixed
-scheelite and wolframite concentrates. During
‘the past two decades the U.S. Bereau of
Mines directed a number of research progr-
ams to develop new methods of extraction.
The research projects on chlorination as a
means of decomposing tungsten ores, electro-
Jytic production of tungsten and recovery of
‘tungsten from brines are worthy of attention.
These will be briefly discussed in this Sect-
ion. In addition, investigations to improve
methods of beneficiation, leaching and solve-
nt extraction will be reviewed.

A number of investigations(7-9) have been
reported on the development of new collectors
to improve recovery of tungsten by flotation.
Meerson and Mikhailova3s:3® have investiga-
ted two stage leaching of scheelite concentr-
.ate with nitric acid at 120°C in a heated ball
mill. They have obtained 99% decomposition
of scheelite in 8 hrs using 20% excess acid
over the stoichiometrically required amount.
Simultaneous milling exposes fresh scheelite
grains which increases the leaching rate. No

work on the recovery of tungsten from nitric
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acid media has been reported. However, it
would be interesting to carry out research
investigations in this area to assess economic
feasibility of nitric acid leaching. Zelikman
et al.?” have reported the use of sodium flu-
oride to break scheelite concentrate. Attempts
kave been made to use sulfuric acid for the
decomnposition of wolframite concentrate.3®
Born et al.?® investigated leaching of wolfr-
amite containing cassiterite and barnnerite.
Sulfuric acid with sodium chlorate or MnO;
dissolves away barnnerite. Zelikman et a:.4%
have considered intensification of the autocl-
ave-soda process of opening scheelite concent-
rate by mechanical agitation which helps in
reducing soda consumption. Vezina and
Gow*? have investigated a continuous process
to convert sodium tungstate to ammonium
tungstate by ion exchange technique using a
cation resin. In order to improve the econom-
ics of tungsten extraction and for a better
tungsten-molybdenum separation, a number of
organic solvents viz. TBP, MIBK, ¥ tertiary
aliphatic amines, ¥ tri-n-octylamine, tri-n-oc-
tylbenzylammonium chloride*¥ and quartern-
ary ammonium compounds*® have been emp-
loyed. Recently, tungsten recovery from hot
spring ores*® have been reported. The ore is
calcined at 800°C and then quenched in sodi-
um hydroxide or sodium carbonate solution
and the resulting mass is leached in an aut-
oclave at 180° to 300°C 200-300 psi. By this
method, 95% tungsten is recovered in the
leach liquor.

1. Chlorination

The treatment of scheelite and wolframite
with chloine in the presence of carbon prod-
uces oxychloride vapors along with other
volatile chloride impurities. After the removal
‘of impurities, tungsten oxychloride can be
dissolved in water to obtain tungstic acid or



ssubjected to second stage chlorination to pro-
-duce tungsten hexachloride. Prior to reduction,
-stungsten hexachloride is fractionally distilled
to remove molybdenum and other metal chl-
-orides. In principle, the process appears sim-
‘ple and attractive but presents several probl-
ems for operation on commercial scale. Hend-
-erson et al.4? have carried out detailed inve-
-stigation on the prossibilities of extraction of
tungsten from scheelite and concentrate cont-
aining mixture of wolframite and scheelite by
-chlorination on laboratory scale. Chlorination
reactions are represented as follows:

2CaWO; + 3C -+ 6CL. 899°C, 5 cacl, + 2

WOCI, + 3CO, . (12)
9Fe(Mn)WO; + 3C + 7ClL 399°C 5 Fe(Mn)
Cls + 2 WOCI, + 3CO, (13)

Addition of calcium fluoride to the charge
improves tungsten recovery. This is more
pronounced in materials containing silica whi
ch forms silicon tetrafluoride and thus other
metals get converted to chloride. The effect
of carbon and calcium fluoride content of the
charge and temperature on tungsten recovery
have been studied. At 700°C, 90% tungsten
has been extracted in 2 hrs with carbon to
.scheelite ratio of 0.075. 4"

At the temperature of operation, calcium
-chloride is liquid and hence causes problem
‘in the reactor design. In the case of wolfra-
mite, the formation of ferrous chloride pres-
ents similar difficulties. The problem may be
.avoided by the formation of solid calcium
sulfate when chlorination is conducted with
a gaseous mixtre of sulfur dioxide and chlo-
rine*” as per the reaction:

CaWO, + Cl; + SO,—CaS0O, + WO0,Cl, (14)
At 550°C, 95% tungsten is converted to vol-
atile oxychlore. Above 550°C, recovery decre-
ases due to the instability of WO.,Cl: and
shifts in equilibrium between chloride, sulfate
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and oxide. The oxychloride has to be conve-
rted to hexachloride as it forms water vapor
during hydrogen reducion or coxide by metal-
lothermic reduction. Its instability also causes
problem in handling during purification and
reduction. The conversion of WOCls to WCls
has been studied by Henderson et al.*® The
reaction is temperature dependent and influe-
ncen by the form of carbon and the type of
chlorinating agent.

Since the preparation of high purity tung-
sten requires pure WCls purification step is of
utmost importance. Skirvin et al.*® have
studied various methods viz. distillation, fused
salt scrubbing, activated carbon and zone
refining for purifying tungsten hexachloride.
In distillation, advantage is taken of the
difference in boiling point of various chlori-
des. WCls and MoCls are first evaporated in
the initial fraction whereas chlorides of iron,
nickel, copper, maganese as residues. The
resulting WCls contains less than 10 ppm of
metallic impurities. Scrubbing of WCls in a
fused salt mixture comprising of LiCl-KCl
eutectic produces the same quality. In the
temperature range 600° to 850°C, molybden-
um chloride can be absorbed in activated
carbon and iron chloride in sodium chloride
at 300° to 600°C, but the absorption technique
is not as effective as distillation and scrubb-
ing. Method of zone refining appers to be
more complicated due to the vapor pressure of

WCls at the temperature of operation.
Tress et al.’® have studied hydrogen redu-

ction of WCls and developed an apparatus to
produce tungsten powder of required specifi-
cation. As the reduction is carried in vapor
phase particle size can be controlled by gas
composition. Argon is used as carrier gas
and to control the rate of WCs. The furnace
is divided in two zones. The first part is
used for preheating and second for reduction.
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Particle size of the resulting powder can be
controlled by varying the feed rate of WCls,
the rate of hydrogen flow and temperature in
two zones of the furnace.

Recently Hojo et al.’ have prepared tung-
sten carbide(WC and W.C) powder by the
vapor phase reduction of WCls-CH4-H; system
at 1000° to 1400°C. Carbon content of the
product increases with increase in temperat-
ure and CH; concentration in the gas phase.
At 1400°C only WC is obtained. The format-
ion of WC takes place in two steps; tungsten
formation followed by carburization.

2. Electrolytio Method of Tungsten
Production
Zadra and Gomes®® have prepared tungsten
metal by the electrolysis of scheelite using
fused salt bath consisting of alkali, phosphate
and borate at 960° to 1100°C, Mo and W
have been depozited sparately and the purity
to 99.4%.
Cattoirs® has evaluated some fused salt elec-

of tungsten rarge from 99.7%
trolvtes for refining tungsten. Electrolytes
solely composed of chlorides are not useful
due to the volatility of tungsten chloride. A
temperature of 900°C is necessary to maintain
a good dissolution rate at the anode and acc-
eptable cell operation. Gomes et at’® have
deposited 99.9% pure tungsten at 1000°C
from an electrolyte comprising 7 parts sodium
pryvophosphate, 2 parts sodium chloride, and
1 part sodium tetraborate. The feed material
was scheelite concentrate containing 25% to
739 WO, and varying amounts of iron, lime
and silica. Gomes et al.5® have evaluated two
molten NaCl-NaF-KAIlF,
and sodium pyrophosphate-scdium chloride as
electrolytes. The former is used at 800°C to
obtain 99.8% pure tungsten whereas the lat-

salt systems viz.

ter produces a purity of 99.9%. According to
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these investigators, electrolyte life is increas-
ed by the periodic addition of B.0;® which
reacts with lime liberated during electrolysis-
of scheelite. Gomes and Wong’” have propa-
red tungsten carbide by the electrolysis of’
sodium tungstate using graphite anode. Opti-
mum results are derived from an electrolyte:
composed of 83 mole percent NaCl, 5.7 mole
percent each sodium tungstate, molybdate and.
hyroxide at the temperature of 1000° to 1025°
C. Gomes et al® have investigated two met-
hods of electrowinning tungsten from wolfra-
mite. The direct electrowinning from the con-
centrate dissolved in molten salt mixture of’
sodium phosphate, sodium borate, and sodium
halide resulted in impure metal. Electrowinn--
ing from a halide-tungstate melt with additi-
ons of sodium meraphosphate and boric acid
yielded 99.9% pure metal. Tungsten carbide-
is electrodeposited from the halide-tungstate:
melt consisting of sodium metaberate, sodium
chloride and sodium hydroxide. They have:
also compared techniques for electrowinning:
tungsten from scheelite. 59

Keith et al.5® have evaluated the properties.
of electrowon tungsten powder by comparing
its characteristics with hydrogen-reduced pow-.
der. Electrowon powder had better compress-
ibility and higher flow rates compared to
hydrogen-reduced powder. But its large par-
ticle size prevents its usage to produce high
density products by powder metallurgical me-
thods. Keith, Winston and Iversoné® have:
examined electrowon powder for sheet prod-.
uction.

3. Tungsten Recovery from Brines

Some lake brines contain an appreciable-
amount of tungstic oxide as tn the case of
Searles Lake located in the Mojave desert,
170 miles northeast of Los Angeles. The Lake:



TUNGSTEN SORFTION AND ELUTION

Hydrochlont  acd

Etvont

Sz grener
Oviri ~trge

prizess

A

PRECIPITATION

Ll P

331

THCKINING  EILTBATION.  DRYING
Thchaner overticw - waler vegsor -
terne  chloride dissard 1o almosphrre
Gt)
Filvrote -

discard

|

Tunqgsten  eioduct

o)

15 murkat
~ T
S © @ @ @ ®
Troent ryacptont Thikensr f Firae vapor Turgsten
averiiaw | preduc)
+
128,152 1,739 127,431 17,455 - -
1,212,583 17,505 1,064,442 145,332 i8,6%4 3,314
[+] © T 16 o] 1,458
35 [+] 945 130 o 60
Fe, © ] ¢} [s] €t2 34 6 0 srz
7D o} c Q 6,053 0 [+] o Q
ER I - - 6,053 ° - - o o
i "20‘ o i = - K201, 723 1,764 - - 18,434 V]
L

Fig. 7. Conceptual flowsheet for recovering tungsten from 2.59 million gallons daily

of sodagrainer overflow (Ref. 62,

covers about 35 square miles of area and
contains on the average 70 ppm of WO, The
total tungsten in this lake brine amounts to
50% to 60% of the entire U.S. deposit. U.S.
Bureau of Mines has been engaged in devel-
opment of a process to recover tungsten from
brine for the last few years. Altringer et
als? have recently published a report on the
feasibility of tungsten recovery from Searles
Lake brine. Since the brine is highly alkaline
(pH is 9-8) precipitation of tungstic acid by
chemical methods will be highly uneconomical
due to the large requirements of chemicals.

‘Therefore, methods without changing the che-

p.13)

mical character of the brine were attempted.
Ion exchange method seems to belquite pro-
mising and thus a number of resins were
developed. Development work has been summ-
arized by Altringer et al.5® They have studied
in detail various process variables to optimize
the recovery on laboratory scale. Based on
laboratory data a flowsheet(Figure 7) fcr
treatment of 1800 gallons per minute of car-
bonated soda grairer cverflow has been pro-
posed. This overflow is cbtained from the
chemiral plants treating the Searles brine for
the production of a number of chemicals.

As shown in Figure 7, the urit consists
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of 15 fixed-bed columns of 9.6 ft diameter.
‘Three columns constitute a group. In each
.group, two columns are used for sorption and
the third on for elution. Resin is loaded at
:a flow rate of 5 gallons per minute per saq. ft
-of the column area. The eluant flow is 0.5
gallons per minutte per sq. ft. This enables
989% of tungsten from soda grainer overflow
‘to.be sorbed in HERF resin developed by
the Bureau chemists.? Tungsten-free brine
is returned to the process. Tungsten from
the resin bed is eluted in sodium carbonate
solution without deteriorating the nature of
the resin. A number of reagents have been
attempted to recover tungsten from the eluate
but the best result has been obtained by the
use of acidified ferric chloride in the pH
range of 3.5 to 4.5. This treatment precipit-
ates tungsten as iron tungstate. The compos-
ition of chemicals at various stage of operat-
ion has been listed in Figure 7.

IX. Conclusions

Although commercial methods for the pro-
Jduction of tungsten from scheelite and wolfr-
a2mite are well established, there is a need
for the development of processes involving a
fewer number of steps for the treatment of
Jlow grade and complex ores or mix2d conce-
ntrates. If design problems can be overcome,
the chlorination mothod has potentiality for
farther development. The hydrogen redution
«of tungsten hexachloride is capable of produ-
cing tungsten powders of high purity, ultraf-
ine particle size, and narrow particle size
«:stribution.

Successful attempts have been made in
laboratories to produce high purity tungsten
by the electrolysis of molten salts contaising

tungsten oxides or halides. The process
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seems to be economical for the treatment
of wolframite and scheelite ores to obtain
metallic tungsten and tungsten carbide. But
so far no large scale operations have been
conducted mainly due to the problem of pro-
blem of undesired particle size. Electorolytic
methods produce powders of large size and
elongated shape which are unsuitable for con-
solidation by powder metallurgy techniques.

Ion exchange method to recover tunsten
from brines has been successfully demonstra-
ted on bench scale. The favorable results
have encouraged scientists of the Bureau of
Mines to examine economic feasibility of the
process on a larger scale. As the economics
of the process entirely depends on the perf-
ormance of the resin, major efforts are needed
to improve the chemical as well as physical
characteristics of the resin.
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