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Introduction 2
Qe There are three main methoas of mak:t.ng thorium metal:-

(i Cale.Lum reduction of ‘thorium oxide.
(ii) Calcium reduction of ‘thorium fluoride in the presence of zincs
(111 Pused salt electrolysis. ,

2. The first of these has the dlsadvantage that vexy flnely divided ‘chor:.um«
powder is produced which contains several percent of thorium oxide and may

be pyrophoric.  The second has the disadvantage of being a long and expensive
process to operate,  Fused salt electrolysis can be carried out using melts
containing either thorlum fluoride or chloride. The use of the fluoride
has the advantage that it is easier to handle than the chloride, being relatively -
unaffected by moist air, but the disadvantage that water-insoluble fluorides
are difficult to remove from the metal deposit in the leach:x.ng stage, and
hence the metal is often contaminated by fluorides. The use of the chloride
has the advantage that a water-soluble melt is formed, so that the melt may
be ccmpletely removed from the thorium metal by leaching, but the disadvantage
that it is very hygroscopic and difficult to handle. The route described

in this paper partly avoids this latter difficulty by preparing and handling
thorium chloride only as a solution in a non-reactive melt of sodium chloride
and potassium chloride, In this way the hygroscop:.c nature and volatility
of the pure chloride are greatly reduced. - '

Chemistry and Mechanics of the Chlorination Process

3.  The process to be described is based on the chlorination of thorium
oxide suspended in a sodium chloride/potassium chloride melt by chlorine in
~ the presence of a reducing agent.  Initially, metal sulphides were used as
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reducing agents, as has been fully described elsewhere(1) but their use has
now been superseded by carbon, and will not be described here. The
chlorination reaction using carbon as the reducing agent msy be expressed
by the equations:-

1

and ThO, + 2C + 2Clp ThCl, + 2C0

4s  For successful spplication of this process to thorium metal production
the two important criteria are that the chlorination should go to completion
and that the rate of reaction should be sufficiently high to be economic.
Little trouble is experienced in msking the reaction go to completion, and
detailed study has shown that the rate of reaction is dependant on at least
six variables:-

(i) The concentration of the effective chlorinating g_gent

5¢ . The reactions expressed by the equations given are heterogeneous,

between solid thoria, sdiid carbon end chlorine. It is believed that the
chlorine is very much more effective in these reactions when it is dissolved
in the liguid phase. The solubility of chlorine in these melts appears

to be very low, but may be effectively increased by having present in the

melt a lower valent chloride (e.g. ferrous chloride) which will absorb chlorine
to form a higher valent chloride (e.g. ferric chloride). The chloride of
higher valency then acts as a chlorinating agent.  Several multivalent me’tals
are successful in catalysing the reaction in this way. Iron was the most
successful of those tried.,

(i1) The reactivity of the thorium oxide

6.  Pure thorium oxide is normally prepared by calcination of thorium oxalate,
and its resctivity is principally determined by the temperature of calcination.
Thus thorie prepared at 600°C is considerably more readily chlorinated than
that produced at 1100°C. However, the former tends to be so light and

fluffy that it is difficult to handle and can cause considerable health
hogarde For economic and safe working it is desirable to have a process
which will chlorinate the denser thoria produced by calcination of oxalate

at about 1100°C. All three practical techniques developed for carrying out
this process will handle high calcined thorias

(1ii) The reactivity of the carbon

Te Carbon is normally prepsred by thermal decamposition of carbonaceous
materisl, and its reactivity is generally determined both by the temperature
of calcination and by the particle size of the carbon. A very wide range
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(1) GleOIl, A. R, and Buddery, J. H., An oxide-chloride conversion

process for the extraction of certain metals. Symposium on ;
"Extraction and Refining of the Rarer lletals". Institution of

Mining and Metallurgy, London, (1957).
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of reactivities is available in cammercial carbons and graphites, varying
from finely divided lamp blacks and activated charcoals to high density
impervious graphites,

(iv) The reactivity of the chlorine

8.  Chlorine for this process may be used in two forms; as diatomic,
molecular gas fram commercial steel cylinders or in the considerably more
reactive (probebly monatomic) form, produced at the anode in the electrolysis
of a chloride melts ~ The use of "anodic" chlorine necessarily requires a
modification of the experimental technique to ensure that a chlorine producing
anode is available for chlorination, and that undesirable cathodic reactions
do not occurs

(v) The degree of contact between the reactants

9. The rate of the chlorination reaction may be greatly increased by ensuring
~ the best possible degree of contact between the carbon and the thorium oxide.

The degree of contact may be varied from, on the one hand, adding thoria by

itself to a melt containing carbon in the form of a solid block, fo adding

to: the me},l an intimate mixture of carbon and thoria such as is formed by

carbonising a mixture of thoria with sugaxr or starch.

(vi) Temperature

10s Generally, the rate of reaction increases with temperature, but other
factors, such as volatilisation of thorium chloride from the melt, limit
the temperatures that may be economically useds :

11s  Practical considerstions of the effect of these variables on the rate of
reaction result in three feasible routes for this process.  Firstly, there
is the route using carbon in the form of a finned solid block, with thorium
oxide fed separately into the melt and the "concentration" of the chlorine
increased by the presence of a multivalent catalyst such as ferric chloride
in- the melt, This is known as the "Carbon Block Route! or "Catalysed
Conversion®, Secondly, the chlorination may be carried out without a
catalyst, but with the thoria and carbon intimately mixed by calcining a’
thoria/starch or thoris/sugar mixture. This is known as the "Bonded Carbon
Route®, Both these methods use chlorine in the form of gas from steel :
cylinders.  The third possible method is to use thoria and carbon, in the form
of thorium oxide and a massive carbon surface, without a catalyst, and with
nascent chlorine liberated at a carbon anode surface. . This is known as
"Anodic Chlorination®. :

12, A complicating factor in the chlorination process is the existence of
thorium oxychloride, ThOCl,, in the melt. This is not formed as an inter-
mediate in the chlorination resction but by back-reaction between the thoria
and thorium chloride once the latter exceeds a certain critical concentration
in the melt (about 15%).

oo ThOz + ThGll* = 2ThOCL, |
13,  Some oxychloride remsins in the melt after all suspended thoria has

disappeared, and must be removed before electrodeposition of thorium, since
otherwise it will deposit a mixture of thoria and thorium at the cathode,
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Removal may be effected by continuing chlorination in the presence of carbon.
ThOClz + C + 012 = 'l‘hClA_ + CO

14. The end-point of the chlorination reaction may be f'ouna by ssmple
volumetric analys:z.s of agueous solutions of samples of the melt(

The Carbon ‘BlOck Route or Catalysed Convers:.on

15 Figure 1 shows a typical apparatus for chlorination using carbon in the
 form of a massive block. The melt is contained in a silica pot, and the
chlorine is fed in through a silica tube, at the bottom of which is a fluted
_carbon block. A mixture of sodium chloride and potassium chloride in
eutectic (equimolar) ‘proportions is melted in the pot, chlorine is bubbled
through the melt, and iron catalyst added either as metal, oxide or chloride,
Once the iron has been chlorinated thorium oxide is added to the melt at such
a rate that a large excess is not present at any time, otherwise the melt
become viscous and chlorination slows down. A temperature of 800°%C is
meintained during chlorination. The chlorine reacts with the thoria in the
presence of the carbon block, the latter being slowly eroded away. The carbon
thus removed is consumed in the process and does not result in any carbon
powder forming in the melt. The progress of chlorlnat:t.on is observed by
removing small semples of the melt by the quick immersion and removal of a
cold silica rod, and analysing these samples, initially for the presence of
water-insoluble thoria. As the reaction proceeds and suspended thoris
disappears the samples are analysed for water-soluble thorium ox;y‘chlor:.de( 2),
Chlorination is continued until both thoria and thorium oxychloride are absent,
When the reaction is complete the melt contains only chlorides of thorium,
sodium, potassium, and ferrous iron. Purther passage of chlorine results in
the evolution of copious brown fumes of ferric chloride from the melt.

16s The quantities of iron and thoria used are normally those necessary to
glve a final melt contaln:mg about 40 wt.% thorium and 1.5 wt.% iron.

The Bonded Carbon Route

17  The feed material for the bonded carbon route is an intimate mixture of
thorium oxide and reactive carbon prepared by mixing thoria with either starch,
sugar or glucose and carbonising the mixture at 850°C, when all organic
matter is removed. The product is then finely crushed. The apparatus used
for the bonded carbon route is the same as that used for the carbon block
routes In this case the carbon block serves only to distribute the suspended
‘material and the chlorine, not as reducing agent.  The chlorination is carried
out as before, except that no iron cataly is used. Oxychloride formation
again occurs and the end po:z_nt is determined by analysis as before. The
tex@erature of operation is normally 900° The final clear melt passes

to the electrolysis stage. Should the final melt contain either a little
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(2) Chalkley, Je Re, An anc.l 't:.cal control for the thorium oxide-chloride
conversion process. Atomic Energy Research Establlshmen’c Report
ALERE xZ% 170 (1956).
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excess carbon or a little excess thorium oxide this can be removed by adding
an equivalent small amount of the other reactant.

18+  Of the two routes for effecting chlorination, the catalysed route gives
the higher chlorine absorption efficiency.  Despite this, the technological
and economic advantages of the bonded carbon route commend this for large
scale operation.

Electrolysis

19e The melt prepared by the bonded carbon route is ready for electrolysis
to thorium metal, but that prepared by the catalysed conversion contains:
ferrous chloride which must be removed prior to thorium electrolysis, other=-
wise iron will deposit on the cathode at a lower potential (1.1 volts at
800°C) than thoriim (2.2 volts at 800°C).  Iron may be removed fram such
melts simply and efficiently by pre-electrolysis between an iron cathode
and a carbon ancde, with or without the presence of hydrogen gas injected inte
the melt: The iron content of the melt may be reduced from an initisl 1 or 2
percent to sbout 10 parts per million.

20 The electrodeposition of thorium is relatively simple.  Under melt
conditions tetravalent thorium is _the only stable species, hence cathodic
reduction gide-reactions and anodic oxidation side-reactions cannot occur.
The three main varisbles in electrolysis are. ten@erature s current density and
concentratlon of thorium ions.

Te@erature

24s  The temperature of the melt during electrolysis is limited to the approxi-
. mate range 7009-800°C.  Below 700°C the surface of the melt begins to freeze
and above 8009C losses of thorium chloride by volatilisation become serious.
Temperature variation over this relatively narrow range has no noticeable
effect on the type of metal deposited.

Current Density

22. The deposited thorium metal consists of tree-like dendrites, hence the
effective area of the cathode continually chenges during deposition. = Thus
‘& value for cathode current density is largely meaningless except for the
initial stages of deposition, Cathode current densities reported refer to
the original molybdenum cathode surface exposed, Cathode current densities
over the range 180-1800 amp/dn:x2 snd anode current densities over the range
14=135 amp/dm2 have been used with ne noticeable effect on the type of
metal depositeds :

Concentratlon of thorium dons in the melt -

23, The normal electrolysis procedure.is to start with a melt containing’

15 weight % thorium and to electrolyse this until all the thorium has been
‘depositeds.  When the deposit is removed from the cell, the entrained melt
containsg no thorium chloride. Thus the concentration of thorium ions in -
the melt changes continually during electrolysise -~ The initial metal deposit
is fine, and it becomes coarser as electrolysis proceeds.  This is not

R
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necessarily a result, of the change of thorium concentfatlon, and may be due
to the initial depos:.t containing the oxygen and other impurities from the
melt. ;

.Prectlcal cell o;gera.t:.on

2k Several designs of electrolytic cell have been tried. Of these the one
shown in Figure 2 (which is self-explanatory) was among the most successful.
Cell operatlon is as follows-- ; ‘ »

25«  The cell, f':t.tte& w::.th the anode, cathode and catch plate, and with the lid
completely sealed is first dried by heatlng to 6509C in an argon atmosphere,
and allowed to coel overnight. The catch plate and cathode are rested on the
bottom of the cell, which is then loaded with thorium-containing salt (40 wt. %
Th), usually in lump form, and previously dried sodium chloride-potassium
chlorlde eutectic is carefully packed in, Sufflca.ent eutectic is used to

give an electrolytic bath containing 15 wte% of thorium. The anode and 1id
are fitted with the former held sbove the salt. The 1id is sealed in position
with asbestos and alumina cement., The cell is heated to 700°C under a
protective atmosphere of argon. ‘

26. The cathode is raised from its position of rest on the catch plate and the
znode is lowered to a position above the cathode. Electrical connections are
made and the argon supply to the bottom of the cell (which keeps the melt
stirred and prevents local thorium depletion at the cathode) switched on.
Electrolysis is begun at 12 amp/cm? and furnace heating is reduced to nmaintain
a steady temperature of 700°C.  When 80% of the thorium has been deposited
the current is halved, and when 95, of the thorium has been depos:.ted the
current is further reduced by a factor of three. Electrolysis is stopped
when ana_lysis of dip samples of the melt shows it to be stripped of thorium.

27. The thorium deposit is generally non—adherent to the cathode and most of
it falls off onto the catch plate. ~

Recovery of metal from the cathode deposit

Leaching

28, The simplest method of freeing thorium metal from the water-soluble
entrapped salts is leaching in water.,  The metal deposit is broken free from
the cathode and catch-plate, broken into comparatively small pieces, and
Jeached by rotating with water in a twnbl:x.ng barrel type of leaching tank.
The tumbling action tends to break up the pieces and expose the salt trapped
between the metal crystals so that it may be leached out. For heavy metals
such as thorium, this type of leaching is far more effective than methods in
which the metal is placed in a stationary tank and stirred by an dimpellers
When the metal appears to'be free from salt the rotation of the leaching tank
is stopped, the metal crystals allowed to settle, and the leach liquid decanted
and replaced by fresh water.. Vashing is continued until the spent wash water
is free from chloride ions. The crystals are then washed in 55 nitric ac::.d.
and flnally several times with water,
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Flutriation

29. Elutriation may be used either as an alternative to leaching or subsequent

to leaching for removing lighter impurities such as thoria, carbon and small

particles of refractory from the already leached metals, = Normal practice is

to use the latter method. The metal is placed at the bottom of a long

vertical tube up which water is passed at a velocity such that while the

v thorium metal crystals will settle through it light impurities are floated out
to waste.  If desired, the water velocity may be adjusted so that the small
percentage of very fine thorium powder, which contains a disproportionately
large percentage of the impurities, is also floated off. Elutriation can

“be very effective for increasing the purity of the metal. v

Drying : e
30e The safest method of drying thorlum, as with s:tmlax\ reactive metalssis
vacuum dryings

Quality of Thorium snd Efficiency of Operation

Purity :
31. Analyses of thorium metal are given in Table I for a typical batch made
from a catalysed conversion, the average of a series of nine consecutive
batches made from melts produced by the bonded carbon route, and the best
batch made by the latter route.  For comparison; the analysis of a typlfa}
batch of thorium powder made by the calcium reduction of thdria is given

o i ' 2 i’

(3) Finniston, H, M., 37d Rassegna Internaz:.onale #l1lettronics - Nucleare
. Rome (1956).

-
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Results in ppm except where ofheiwise stated

Typeﬁ_)me = {Run 70 B - Avez'age of 9 Run 400 b From calcium
—— ] Krom catalysed  from bonded | Best bonded | reduc*c%osx of
lElement convers;on carbon rou‘be carbon route tnorl

s

32, Except for its n:x.gher chlor:.ne content the e.l.,eetrolytlc thor:.um is.
~much purer than that made by the calclum reduction of ‘chorla. s

 33 ‘the carbon probably occurs as i‘ree carbon trapped in the thor:.um crystals, ‘

and derives fram traces of free carbon left in the melt after chlorination.
The most serious impurities in the electrolytic metal are siiicon and
chlorine, partlcularly the latter, The silicon comes from attack of the
refractorles in the cell by the thorium metal. ~ , :

34 Removal of chlorine to below about 400 ppm ha.s proved very difficult.
It has not been established in what form the chlorine occurs in the metal,
Various special leaching techm.ques using a variety of complexing and
 desorbing reagents, both at room temperature and at temperatures approaching
- 100°C have been tried, but have not significantly reduced the chlorine
content. The chlorine can be removed c¢ompletely, however,by arc-melting
the metal. ‘ ‘ L ~ o f
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Particle size

35+ The part:.cle gige distribution of a typical batch of thorium crystals
is given in Table IT (Thorium made by the calcium reduction of thoria nearly
a1l passes a 300 mesh B.S. sieve).

Density D

36, The true densities of thorium crystals of different mesh sizes are given
in Table II, both as mean results of a series of ten consecutive batches and
as results “or the best batch. Since the true X-ray density of thorium is
14.72 g.cm ”/, these figures show that the thorium must be of very high purlty.
Poured and tapped densities averaged 4.0 and 4.7 g.ow =3 respectively.

®

Table II

Perticle size distribution and true densities of thorium crystals’.

Particle gize T Mean density | Density of

range Mesh fraction | Abundance | of 10 batches | best batch
microns B.S. mesh wteda g. cm=3 g.cm™
7 853 +18 18 11,62 11.67
295=-853 =18 52 RN 1) 11.62 11.66
152=295 =52 +100 22 11,60 11.62
53 =152 =100 +300 o7 1157 11.62
C 53 -300 2 110 11459

Efficiéncz“

37« A block flowsheet for the whole process, using the bonded carbon route
for chlorination, is given in figure 3, showing the efficiencies of each stage
and the amount recycled. The single cycle efficiency is 90%, but the actual
loss fram the system is very small, and almost all of the remaining 10% may

be snmply recycle&.

Discussion

38. The process described in this paper has been demonstrated to produce high
purity thorium metal at high efficiency.  With the exception of the chlorine
content the metal has a higher purity than that produced by any commercial
process.  The chlorine may be removed by melting.

39, In camon with other electrowinning techniques this process uses no
reducing agent other than electric current, which is relatively very cheap.
It has the further advantage of introducing no impurities into the metal,
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40, With the exception of the anodic conversion cell, which is currently under
:anest:r.gatlon on a laboratory scale, all stages of the process have been studied
in considersble detail on a pilot plant scales  The results obtained to date,
particularly regarding such points as the purity of the final metal, the
feagibility of semi-continuous operation, and the high efficiencies already
achieved, sugges’c that the route offers promise economically, It is to be
expected that, in common with processes of a like nature, large scale plant
operation should lead to improved results m several aspects, such as in

power economy and metal purlty. :
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FIG I. APPARATUS FOR CHLORINATION
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~ FIG 2. THORIUM ELECTROLYSIS CELL
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