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WTHE PRODUCTION OF URANIUM METAL BY TLECTROLYSIS
' IN MOLTEN CELOAIDRZS"
PART I

by
'Ro G‘u Ganning .

Abstract

A novel process for the manufacture
of pure uranium metal is described, 1in
which impure uranium oxides are converted
to chlorides in a molten salt bath by
meane of a graphite chlorination reactlon.
The melt 1s then purlificd and uranium
metal recovered as electrolytic powder.

The development of an analytical
method for control of ths chlorination
reaction ise outlined.  Using this control,
the feasibility of the chlorination and
some factors affecting lts effilclency are
established, Work on the purification
and metal recovery stages has not proved
encouraging, and the only successful pro-
du~tion of electrolytic metal was from a
me.t in which previously purified oxide
had been used as feced material.

1,  SUMMARY.

- Preliminary investigation of a process for uraniunm

metal manufacture is described. The main object of the work

wee to examine -a new process put forward by A.R. Gibson of
A.E.R,E,, Hzrwell, and %o test its possible application to
South Australian raw materlals.

| Most of the investigations reported here were con-
cerned with the‘ccnversioh of impure uranium oxides to chlorides
in molten ealt baths by Gibscn's graphlite diffuser methed.
The feasibility of this preocedure has been confirmed and scme
of themfnctors offecting the efficiency of chlcrination have
been examined. The develepment in these laberatories of a

method for analyticel ccntrol cof the chlorinatlion precedure was

‘o major facfor in the successful proving of this stage of the

prccess,
Attempts to prcceed with purificaticn ~f the chlcride

melt and the electreoclytic recovery of pure uranium metal have

- CONFIDENTIAL -



. iy,

)

({3

- CONFIDENTTIAL -
20

proved disappolnting. Failures were apparently due @ainly
to the présende of oxysalts in the melte, one source 5} con-
tamination being oxides in the crucible materialé. ;

A reasonable yield of uranium metal powder ﬁas
obtained from one test in which the process was modified to

the extent that previously purified oxide wns used as raw

‘material, This eliminated the purification step. The uran-

jum metal produced consisted of coarse dendritic powder and was

not pyrophoric,

2. INTRODUCTION.

Following the visit of P, Dixon and the writer to
the United Kingdom in 1954, considerable interest was shown in
South Australla-in a new procese for uranium metal manufacture
being developed by A.R. Gibson of A.E.R.E,, Harwell. = Thie
process has veen briefly described by Dixon (1955) and Canning
(1955) and lafer amplificd by Gibson and.Buddery (1956).
Furthsr details have also been recelved in unpublished corres-
pdndence from Gibson,

It was considered that Gibson's process, although
cnly in the early stages of laboratery deirelopmentJ showed
promise of providing a cheaper route from impure uranium oxide
to pure metai than the solvent extraction purification and the
fluoride process ot present used at the Springfilelds works of
the U.K.A.E.A, The raw materials for Gibson's process would
be more reandily available in South Australia than those for the
fluoride process, and the capitﬁl investment would probably be

considerably less than the known investment at Springfields,

a8 reported by Dixon (1955).

As South Australia was now prbducing ufanium oxlde at
the Port Pirie Chemical Treatment Plént, 1t was logiéal to con-—
gsider the possibility of this State developlng a process to
make pure uranium metal from local materials, with the aim of
supplying the uranium fuel for posslble futuré powear reactors
in thié or other States.of Australia.. = Such a process, Tto be

— CONFIDENTIAL -
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within the financlal capablilities of the State, would bave to

be considerably cheaper than the present Springfields brocess.

{w

: Preliminary invesfigations.were therasfore undertaken
into Gibson's process, using South Australian urdnium oxide a8
raw material. The process may be conveniently divided 1nt§
the three stages, viz,, chlorination, purification and metal

recovery, and the experimental work has bsen grouped accordingly.

%, CHEMISTRY OF THE PROCESS.
The'novel part of the process described by Gibson,
Uranium oxides are

1s the conversion or chlorination stage,
molten salt bath by the ccmbined

&

converted to chlorides in
action of chlorine gas and o reducing agent, such as scdium or

barium sulphide, or graphite.
For sulphide chlorination Gibson. suggssts the follow-

ing over-all reacticn
2U03 + 3Nag8 + 70l — 380p + 2UCl, + 6NaCl

‘ Where an excess of sulphlde is present :
- 2UCly ~ Nag8 —3 2UCls + 2NaCl + S
Gibson ciaimed that the absorption of chlorine was highly effici-
ent and that the evolved gases consisted wholly of SO2 and S
provided a correct feed mixture of oxide and sulphlde was main-

Graphite chlorination was a later modification, and

tained,
the rcaction may be written

| UO3 + 3C + 201p —y UGl + 3C0
Thie reaction has_some advantage over the éulphide method in
. Graphite

that the reducing agent does not consume chlorine,
is also morc reédily obtalned in o pure state than the anhydrous

sulphides of sodlium and barium;
It wos suggested by Glbeon that the chlorination pro-
Iron

cedure could be applied directly to impure uranium oxide.

oxide and other impuritics would bs convertesd to chlorides with
Metallic impurities less noble. than uranium

: the uranium,
could then be precipitated from the melt by a controllsd addition
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After pouring off the purified

of calcium or magnesium metal,
melt into a separate container, uranium could be precipitated
Alternatively,

in 1like manner and recovered as metal powdcr.
the purifioatidn and uranium recovery could be carried out by

electrolysis.
Thermochemical data and calculations, details of

which are included in Appendix 1, indicated that chlorination
should procced readily at molten salt temperatures; and that
higher temperatures shcould favour the reaction. Eithef cal-
cium or magneslum metal could be used for precipitation of
Calcu-

uranlium and base metal impurlties from chloride melts.
lated decomposition potentlals, shown in Appendix-1l, indicated
that it should be posslible to separate lrcon and cther impuritiss

from uranium by contrclled electrolysis of the molten chlorides.

4,1 Crude Oxide
was prdduoed from Radium Hill concentrate, during pilot scale

4, RAW MATER[AL.
The impure uranium oxide used throughout these tests
tests of the process for the Port Pirie Chemlcal Treatment

Beveral selected batches of crude oxide prcduct were

slurried with water and homcogenised to provide cne large batch
Fer C@n#enience, thls sample 18 referred te

® Plant.
cf oxide.
throughout as "crude oxlde'. _
4 complete annlysis, chemical and spectrographic, of
"ecrude oxide", as received, was carried out by the Analytical
Table 2 1lists the impurities,

The appearance of the»

Bection nand is shown in Table 1.
as elements, calculated as a ratio with respect to elemental
The uranium in "crude oxide" is largely in the form

uranium in the Y“erude oxidel,

of calcium and magnesium di-uranates.

o

—

oxlde was not altered by ignition to 40090.
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TABLE: 1,

COMPLETE 4NaLYSIS OF "CRUDE OXIDE!

ty

[}

Water HoO 9.38%
Carbon di-oxide COp l.22
Uronium tri-oxide U03 70,96
Ferric oxide- ' Fg203 5.32
Aluminium oxide 41003 0.03
Titanium di-oxide TiOo 0.75
Chromic oxide Crgz03 0.04
Vanadium pentoxide Vo205 0.04
Thorium oxide ' ThO2 0.2l
Scandium oxide Sco03 0,21 .
Yttrium oxide Y203 0.053
Calcium oxide Ca0 3.96
Magnesium oxide MgO 3.69
8odium oxide Nao0 1.90
Potassium oxice K20 0.08
Lithium oxide - Lip0 2.5 P.p. o,
Barium oxids BaOl 3 nowon
Cupric oxide Cuod. 0.01%
Nickel oxide NioO - 0,025%
Cobalt oxide Co0 20 P.p. M.
Lead oxide PbO 0.,18%
Bismuth oxide Bi0 <10 - p.p.m. (N.D,)
Cadmium oxide cAC < 3 "o (D. )
Zinc oxide Zn0 <50 wowow o (N,D.)
Manganese oxide MnoO C,04% :
Total lanthanon oxides Lno03 C.27%
Silica ’ Si10g 1.20%
Boric oxide B203 6C  p.p.m.
Chlorine Cc1 C.C3% ’
Fluorine F C,02%
Phospherus pentoxicde PaCs 0, C4%
Sulphur tri-cxide 303 C.42%
Arsenic oxide ApBl3 <« 1 D.D. M. . (N.D.g
Antimceny oxide Sb203 «bhC p.p.m, (N,D,
Molybdenum tri-cxide Mol3  <1¢ p.p.m. (D.)
Tungstic cxide Wwes <75 p.p.m, (N.D.)
Summation 1CC, 09%
Less cXygen ¢.0l equivalent to Cl&F
Tctal -~ 10C.C8%
Individual Lanthancns, P.D.m.
Lanthanum oxide Lagis 15CC
Cerium cxide Cegl3 ’ 5¢¢
Prascsoldymium oxile Prg03 ' 30
Neodymium oxide N2203 70
Somarium oxide 8mo0 15
Europium oxide Eug0 ; 0.7
Gadolinium oxide Gd 03 25
Terblum oxide Tb203 ' 17
Dysprosium oxide Dyc03 65
Holmium oxide Ho203 . 55
Erbium oxide Er203 150
Thulium oxide _ Tma03 130
Ytterbium oxide ¥b203 S 150
Lutecium oxlde Lug03 - 17

-~ CONFIDENTIAL -
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TABLE 2.

IMPURITIES IN "CRUDE OXIDE" CALCULATED 48 ELEMENTS

"WITH RESPECT TO" ELEMENTAL URANTUM.

Element

Fe
Al
Ti
Cr
A

Th

Sc

Y

Ca
Mg
Na
K

Li
Ba
Cu
Ni
Co
Pb
Bi
Ccd

VA

Total

Mn

lanthaﬁone

gi
B
C1
F
P
8
As
[S)e)
Mo

1,
¥

La

-Ce

- Pr

Nd
8m
Eu

Tb
Dy
Ho
zr
Tm
Yo
Lu

—

Percentage w,r, t, uranium

L 4

- FNO~\WO~I\W

bmomyu:»ooo
AW~~~ O M

-

s

34%
. 295

O OO
[t}
N
o

H

A AN
W ~I
HOOOOHOOOOUIUIO~NOO

0

U110
TR,

»

NOOO WO
WO\ANLIWD

AN
~
O

< 11
<100C

Individual Lanthanons.

p'p'm«t (NcD_o )

D. = detected.
N.D. = not detected.
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4,2 Pure Oxide

Nitrate solutions of crude oxide or of recov;ry
précipitates were purificd by_a large scale CelluloseA;olumn
prodedure‘elhilar fo that uscd for analytical purposesi

Pure ﬁranium_oxide was rscoverad frpm the nitrate
solutions by precipitation with ammonia, the.filtered precipl-
tate being dried and ignited to 400°C. to give high purlty U0s.

5. EQUIPMENT.

5.1 Furnace _

Figure 1 shows diagrammatically the 2 kilowatt fur-
nace which was constructed for initial work., Crucible témpera—
tures up to 800°C could be rendily mainteined, although the
massive nature of the furnace cons@ructioh cauéed a slow heating
rate.

5.2 Crueiblses

Crucibles. were machined from 4 inch rods of‘eléctrode
graphite (Natlonal Carbon), with wall thickness 0.5 inches and
depth up to 12 inches. For latsr stages of the work, 4 inch
diameter billets of EYX 24 grade (Morgan Crucible Co.) graphite

wers used, Other materials tested for use as crucibles

included vitreosil and thermal mullite (Thermal Syndicate Ltd.),
alutite, carbolox and mullox (Nen-porite Ltd.), re-crystallised
alunina -and brown mullite (Morgan Cruecible Cc,), moulded and
massive stentite from Mt, Fitten, Scuth Australia, and plumbago
(metallurgical graphite/clay).

With the exception cf graphite, all of these materids
were found tc be toc peorcus, toc fragile,.subject tc attack by
melten chlerides, cr not sufficiently resistant tc¢ thermal

ehock, aAlthcugh graphite was scmewhat porcus, it had the ad- -

vantaze of belng easlly worked and proved to be the most useful

material,

In an attemp®t tc render the graphite less porcus,
several new and used crucibles were treated with molten pitch
for an extended perlod, The bulk of the pltch was then poured

- CONFIDENTIAL -
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ot of the crucible and the remainder carbonised by hedting in
an argon atmosphers %o 80000. The crucibleaAwére encased in
outer steel containers during this treatment; ﬁor some ‘tests,
untreated graphite crucibles were used in simllar gteel coh~
tainers;

Crucible 1lids weré cut from graphite or from masslve

steatite, The 1latter proved very satisfactory, belng easlly

" cut and drilled in its natural state, but becoming quite hard

after use at high temperatures.
5.3 Btirrer

An all-graphite stirrer (Fig. 2) was made from a

“roughly shaped propeilor screwed on %o a threaded graphite rod.

A short ndaptor was machined from brass rod to fit the chuck of
the stirrer motor, and was drilled and tapped to screw over the
threaded end of.the'graphite shaft.

5.4 Diffuser block

This was cut from graphite rod, patterned on a small
model forwarded by &4.R. Gibson from #.E.R.E., Harwell (Fig. 3).
' Standard dimensione were 2,75 inches diameter, 2.5
inches high, with 16 chlorine channels. & central tube of
vitréosil served as chlorine feed-tube,

5.5 Electrcdes

The graphite cruclbles were generally used a8 ancdes,
a gfaphite connecting rod being . tapped 1hto the rim of the
crdoiblé, In ncn—-conducting crucibles, graphite spade ancdes
(Fiz., 4) were used; and in the tests where hydrogen was used |
for reduction, a combined anode/gas dietributor (Fig. 5) cut
from graphité, was‘employed{

' Cathcdes were of pure melybdenum in strip form, It

was found necessary to protect the mclybdenum against attack by

HC1 gas when hydrcgén was being used to keep the melt reduced

| during electrolysis. A mullite tube, sheathing the cathcde te

within 1 inch of the melt surface, served this purpcee, a down—
draught of argcn being maintained thrcugh the mullite tube,
- CONFIDENTI&L -
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Alundum crﬁcihléé; supported frem the cathcde itself
(Fig. 6), were used as collecting pote for ncn-sdherent cathcde
deposits..
| For electrclytic purificaticn teets, ircn rod‘oathodes,
protected ogainst HCl corrcsicn, were usec.

5,6 Gas Flcw.Meters

Flcw meters of the tyna shcwn in Fig. 7 were ccn-
structed and calibrated for chlorine, hydregen and argon.
5.7 Pyrometer

A chromel~alumel type thermocouple in a vitreosil
sheath was used for temperature meueurément.

5.8 analyses of Graphite

Three samples of graphite used for this work were sub—
mitted to the analytical Section for total ash determination
and spectrographic analysis of the ash. Table 3 shows the

totnl ash and bulk denelty figurés for each sample.

TABLE 3.
GRAPHITE ANALYSES

O'Brien’s Morgan's EYXZ24 grade
electrode :
granhite old nsw
(National Carbon)  stock stock
Bulk density (8.G.) - 1.66 1.67 1.7¢2
Total ash content - 0, 21% 0.33% 0.62%

Major impurities in ths ash wers :—~ calcium, sllicon,
aluninium and tltanium.

Minor impurities were:— vanadium; Chfomium, mangan—
esec and magnosium,

‘Other elements were in insignificant amounts,

6. ANCILLARY MATERIALS.

6.1 BSalts
4.R. anhydrous NaCl and KCl wers usec throughout for

the inltial molten salt pools,

- CONFIDENTIAL -
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6.2 Sulphides .

~Sodium sulphlde was available‘only in the hidrated
form (NaES. 9H20). after drying.nt the temperature»éeoessary
to remove most of the water and re-grinding %o a powder, con-
slderable NaOH wes present.  Anhydrous barium sulphide
(commeréinl) was available but hnalysés-shdwed this to dontain

only 80% BaS. & major impurity was BaSC, (5% of total).

6.3 Magnesium metal

Chips of magnesium were milled from billets of Lure
metal, These were thicker and larger than the "turninzs!
svailable as #.R. Grignard reagent. The latter "turninge"

were also used succeasfully, although it was consicered deslr-

_able to use larger chips.

6./ Gases
Pure chlorine, hydrogen and argon were obtalnable in
cylinders, All .gases were dehydrated by passing. through

gllica gel,

7. EXPEZRIMENTAL PROCEDURE.

7.1 Chlorination

[.1.1 General technique :
Operating techniques were contlnually altered as

better methods were evolved. Several conditions were shown

%o be esscntial, such as the complete exclusion from the melt

of air anl molsture in any form; in order to prevent hydrclysis

" and oxidation with the formntion of oxysalts.

Te exclude air, 1ids of graphite and later, steatite
were fitted to the crucibles. . These‘iids were perfcrated
with suitable hcles for stirrer shaft, chlcorine feed-tube,
argon feed tube, electrcdes and thermoccuple. Argon was
streamed into the crucible above the melt atb flow-rates of 1CO
to 4CO ml/minute curing and after chlcrinaticn,

7.1.,2 Sulphi‘e method :

s melten pool of mixed salts (NaCl and KCl) was first

formed in the crucible at the required tempefature, ncermally

- CCNFIDENTIAL -
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76L°C te gocc. The melt was etirréd continuously while
chlorine was bubbled in through a straight Vitreosll tube at
the des;réd flow-rate, The feed mixture of oxide and»sqlphide
in appropriate proportions (30% excess sulphide over theoretical)
was»added manually in small portions over a period of up to two
hou}s, “ | |
7.1.3 Graphitebdiffuser method &

| After meitihg the initial pool of mixed salts, chlor-
ine wes introduced fhrough o graphite block aiffuser (Fig. j),
ot the desired flow-rate., The oxide feed material, previously
ignited to 400°C, was fed into the melt in small portions over
a period of 0.5 to 2 hours,,commehcing at the same time as the
chlorine. The oxide may be fed in as rapidly as possible
without building up a solid deposit in the bottom of the melt
thus 1limiting circulatidn. Ideally, all the oxide should
remain sﬁspended in the molten salts, the circulation belng
maintained by the chlorine gas bubbling up around the diffuser:

block, Tt was found impracticable to fit a stirrer into the

It was shown that under sultable conditions the

chlorine could be absorbed with high effliclency, the uranium

oxide first being converted to soluble oxy-—chloride (U0oC12)

giving a yellow melt, then further reduced and chlorinated to
the green tetrachloride (UCly). When cruce oxice was used as

Teed material,'thick white fumes from evolved titanium tetra-

‘chloride (TiCl,;) appeared at an intermedinte stage of Tthe con-

version, Red~brown fumes of ferric chloride (FeCl}) were
produced from the melt eventually, this belng taken as a gulde
tc the end of the reacticn.

7.1.4 Control of Chlorinaticn @

It was ccngidered eesentlal that scme relinble method
of determining the progress and the completicn of chlerination
be found, Gibscn had apparently relicd upcn such indications
as the evdluticn cf ferric chlcride fumes and cn the appearance'
of.samples withdrawn frem the melt,

-~ CONFIDENTIAMSL -
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After some investigatlicns algng different lines, an
analytical method for determining the degree ¢f chlorinaticn
of uraniunm in a sample was developed. This methed and the
1nvest1gaticns leading tc 1ts adoption are detailsd in Appen-—
dix 2. Chlcrinaticn efficlencles quoted in this repcrt have
been aetermined by this means. |

- Samples were withdrawh from the melts by means cf
vitreosil dip tubes, and run intc warn, ary vitreosil crucibles;
after rapld ccoling the samples were easily lcosened from the
cruclibles.
1.5 Systemutic examinaticn of chlorinaticn :

Owing toc the diffioulty cf c¢btalning sulphides pure

and anhydrcus, it was decided tc 1limlt systematlc investigations

tc the graphite diffuser method of chlorinaticn, 4 major
advantage cf this method was that the carbon and the chlorine
wculd nct react tegether wastefully.ana n:n~effedtive1y ag wos
the case with sulphlides and chlofine.

Pactors affseting the efficlency of chlorination,
such as temperature,.dhlorine-flow—rate'anﬂ tctal uranium crn-
centraticn, were examined in a series ¢f controlled chlorination
tests using crude cxide as feed materinl,

7.2 Reduction and Purificatlicn

1-2.1 By magnesiun metal :
The general prccedure adepted was to intrcduce a
thorcughly dried, pre-heated graphite stirrer intc the fully
chlorinated melt, Magnesium metal, slightly in excess cf

the calculated quantity, was fed slowly into the stirred melt

.during a period of 30 minutes to l'hour.' After further

stirring for 15 tc 30 minutes to allow ccmpletion of reaction,
the _precipitate was allcowed tc settle for 10 minutes. Precipi-
taticne were carried cut at 700°C with a 300 to 400 ml/min,
stfaam of argen over the melt,

In some early tests, before development of anaglytical

'control;1he clear supernatant melt, supposedly free from iron
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and other base metal impurities, was decanted into a clean pre-—
heatedlcrucible. There was no tendency for the precipltate to
pour out with the clear melt, 8 practical'difficulﬁy assocli~-
ated with pouring arosé from the deposit of ferric chioride and
other volatile chlorides around the rim of the crucible.

These contaminated the purified melt, s#lso, 1t was found
practically impossible to exclude air from contact with the
melt during pouring, although streams pf argon were dirscted
over the malt}surface and into the receivér crucible,

In a serics of purlification tests carriesd out after
analyticai control was developed, the required amount of mag-
nesium metal was calculated.from the analysis of the fully
chlorinated melt nand the estimated total welght of salts,
Sufficilent magnesium metal was added to reduce iron and other
base-metal 1mpur1ties_to metal; to reduce all tetravalent and‘
.pentavdlent uranium to the trivalent state and in addition to
precipitate several grams of uranium metal, 'Samples taken
before and aftef precipitation wefe analysed in the usual
manner, In one of these¢ tests, magnesium metal was added 1n
stoages. Time for completion of reaction and for the settling
of the precipiﬁate was allowed and a sample of the clear melt
was taken after each stage. No pouring was attempted.

.1;2;2 By hydrogen‘reduction and eleotrolysie :

after completion of chlorination, hydrogen was bubled -
into the melt for 1 %o 2 hours, and then continued thréughout
the electrolysis at flow-rates up tc 600 ml/min, An iron rcod
cathode was used, proctected against EC1 corrcsion above the

melt by a mullite sheath, which was alsc used a8 an inlet for

- argon, The hydrocgen was bubbled in thrcugh a graphite dis-

“tributor/ancde (Fig. 5), in order tc introduce the hydrogen

intc the melt in the regicn where ancdic chlorine would be

 11berated. Trcuble was experienced with blockages in the

distributcr and 1t was doubtful whether the melts treated in

this way were fully rcduced.
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7.3 Reccvery of Uraniun

Metal was reccvered by the'electro~refining prceedures,
nomely, precipitaficn of uranium onto the flcor »f a graphite
crucible by magnesium metal additicn, followed by elecfrolysis
cn tc a. molybdenum cathode, using the graphite crucible (1.e.
the precipitated uranium) as anode,

Metal recovery by electrc-winning (i.e. direct
electrolysis), using hydrcgen gas tc keep the melt'reduced to
the UCLl3 state, was not attempted because of difficulties in

the preceding eleotrolytic'purification stage.

8. EXPERIMENTAL RESULTS.

8.1 Chlorinaticn

| " Table 4 summarises the results of investigations inte
factors nffscting the efficlency of chlerinaticn cf crude cxide.
Efficiency ic expressed as the percentage chlorinaticn of
uranium oxide achieved after.the tctal thecretical quantity of
chlorine had been passed intc the melt. The,tests were carried
cut in graphite crucibles 3" internal diameter, 8 inches depth,
and 0,5 inches wall thickness. The diffuser blcck was 2.5
inches high and 2.75 inches diameter, fluted with sixteen
channelsg, The total melt was approxiuately 700 g. in each ase.

_ TABLE 4,
SUMMARY OF CHLORIN,LTION TESTS.

- Uraniunm _ .
Test Concentraticn Temperature Clgz Flow-rate Efflclency
Ne.,  in final melt ¢g, ml/min/% U %
Vs
18 - 9 700 ., e0 55
19 9 " 30 £,
b 9 " 40 40
20 20 ks ‘ 14 71
21 . 20 n 21 4
.23 - 30 " : 9 2
22 30 » " 12 87
24 30 " - 15 83

25 30 800 15 93

Graophs i1llustrating ths rate of chlorination cf

uranium in each ¢f these teste are shcwn in Figs. 8 to 11 inclsive,
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Calouldticns based on the complete analysis of the
= crude cxide showed that 40 percent of the tcotal thsoretical
- phlorine reéuirement would be consumed by the impurities, and
1t was assumcd that mcet of these lmpurities wculd be chlorin-
ated before uranium. In figs, 8 tc 11, the line representing

100 percent efficlent use of chlorine with respect tc uranium

0

was therefcre drawn from zerc chlorinaticn at 0.4 theoretical
. chlorine to 100 percent at 1.0 theoretical chlorine.

8,2 Reduction and Purification

8, 2 1 By Magnesium metal
During early work on the procéess, eight melts were

treated by this means. Completu precipitation of iron was

échievediin four'instancée, but larger amounts of uranium than
. were anticlpated were co~-precipltated.

The results of later, controlled tests are glven in
Tablee 5 and 6. In test run No, 26, carried out in a pitch-
treated graphite crucible, the magnesium métal was addesd in
stages.' The analysis of the clear melt at each stage 1e shown
in Table b. The melt had been'fuily ohlorinated on the previ~_
ous dny, but had apparcntly been contaminated with oxyéen

during over—night storage at 110 °¢ ona ro~melting preparatory

. to reduétipn. The first sample was taken immediately prior
. to magnesium addition.
| - . N TABLE 5.
- . PURIFICATION TEST —~ Run No, 26.
) Sample No. 1 2 _ 3 ‘4 P
Stage of preeip. Nil 5.5 &. f 6.5 g 7.5 & melt held
g, Mg added (theoretical) _ for 1 hr.
Melt analysie |
U content % 10,3 7.5 7.0 6.6 4.5
Fe content 7% 0.57 0,32 0.29 0.55 0.50
De { '
orinwtion % 91 93 71 50 28
Valencb of U de 3 ' 4.0 4.8 5.1 - 5.8

[

Table 6 summarises the conditions and»final'results
of the above an§~two other purification tests and inoludes all
1nformation considercd to be relevant to the contamination of
the melts with oxyzen and othbr lmpurities. |
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TABLE 6.

SUMMARY OF PURIFICATION BY Mg PREGIPiTATION.

26

Total Mg added

tacking oxide
in ash d pitoh
and graphlte,

U0z precipita-

ted In prefererce
to Fe.

(excess over 3bj excess 2% excess
theoretical) ‘ _
Analysis of melt before preciﬁitation. '
U content 10. 3% 19, 3%
Fe content '0,57% 1,06%
} Degree of o
AN c%oﬁJntion 917 987
Analysis of meclt after Drecipit%tion.
70U content 6. 6% 18, 4%
Fe content - 0.55% ¢'0A03A
Degres of L
\_ chbrination 507% approx, 100j
Condition of Sound Ledking ropidly
cruclble : by end € precip.
Comments. Melt was at- Successful recip.

of Fe, due toall
oxides having
been leached from
graphite previ-
cusly. Crucible
so pcrous that
mogt o melt
leaked away.

% The crucible was ehown tc be free

of oxide

Tegt No. . - 27 28
_ pitohutreated same cruciple = new graphite
Crucible graphite as 26 :
_ {two cllorimtions
‘Previous usge one : one
of crucible chlorination ( and one Mg chlorination
: (precipitation
Treatment of °) stored held molten over- o
melt after ) overnight at night under no delay.
chlorination ) 110°C argon

35% B8XCess

19 Oﬁ
43/3

lOOﬁ

11. 5/o
0.40%

85%

Sound

‘Oxides in ash

of rew graphite

being attacked

rapidly enough

to cause UOp

preclipltaticn

in preference
tc Fe,

impurities

by successfully holding a fully chlorinatbd mplt overnight
at mclten temperature,

8.2.2 By hydrogen reducticn and electrolysis

In first attempts to remove impuritics by electrolysis,

using hydrogen gas to prevent ancdic oxidaticn,

cathcdes were corroded by the evolved HCL gae}

the Fe & Mo

This was cver—

ccme by proteoting the cnthodes as desdribed previcusly.

N¢ corrcsion was found on the immersed porticn of the cathcdes,

Further attempts to purify melte by this prccedure

fsiled t¢ reduce the Fe ccntent,cf‘thé melts suffilciently, and'

in each case the cathode product was fcund tc be mainly UO2.
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~ One cof these tests was carried out in a vitreosll container and

1%t was afterwards established that sufficient excess thorine
(%y compariscn with iater ccntrolled tests) had been ﬁsed to
chlerinate the melt fully., Desplte this, large quantities of
UO2 were depcsited on the cathode, from which it was inferred
that the melt was attacking the vitrecsil and taking up cxygen
while liberating siliccn tetrachloride. |

8.3 Recovery of uranium metal

The cnly succesgful'produoticn of metal tc date was
from o test using previcusly purified cxide as raw material,
which enabled the purification stage tc be eliminated. A small
quantity (15 g.) of coarse dendritic metal powder (8.G. .= 18.6)
was recovered by the electrc—refining prcocedure at a current
efficiency of 25 péfcent. The metal pcwder wds-not pyrcphoric,
but could be ignited readlly to burn fiercely 1in alr. A
typical vigc:cus reacticn with concentrated HC1 was alsc ncted,

Certain cathode products prcduced from purified melts
which had been peured intc a second cfucible ccntained»enough
fine metal powder tc give the metal reacticn with HC1l, but
these products were grossiy contaminated with oxlde and carbide.

Ne analyses were ccnsidered tc be warranted.,

9, DISCUSSION.

9.1 Materials of construction

Deepite the loss of salts through porous graphite

criciblos, 1t was oclear that this materlal was the most sultable

one er containing molten chlorides. The use of graphilte

cruciblcs set in an outer stecl shell'partly overcame the

difficulty of porosity but the use of such a crucible as anode

,dufing electro-refining was likely to contaminate the melt with

iron dissolved anodically from the steel and diffused through .
the graphite. Contamination from the stesl by diffusion
occurred during chlorination in at least one case. | Attempts to-

densify the graphite with pitch'only provided more contaminating

oxide material from the csh of the pitch. Better grndes of

~ GONFIDENTIAL -
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graphite with higher density and lower ash content aré desir-
able. For work on a 1argér gcale 1t should be possible to use
a graphite lined stesel container with the melt heatedéinternallm
The outer shell of the contalner could be cooled sufficiently
to cause a crust of solild salt to form inside the porous graph-
ife, This crust would serve as the container for the melt,

The maln objection to vitreosil ccntalners was the

tendency to crack if any salts were allcwed tc cocl in the

crucible, It was nlsc evident that vitrecsil was attacked by

" molten chlorldes resulting in oxygen being taken up by the melt.

9.2 Chlerination

The development c¢f an analytical methcd for the
determination of oxygen asscclated with uranium in the melt
enabled thé ohlorinatioh.prccedure to be écntrclléd and the
factors affecting i1t examined. Chlorinaticn by the graphite
diffuser methcd has been proved feasible ahd céntrollable.

Efficiency cf chlorinaticn was greater at higher c-n-
centraticns of uranium in the melt, and waslimproved at higher .
temperatures as indicated by thermochemical calculaticns. The
different ohlorine_fch—rates used did not significantly affect
efficiency, except pcssibly at a uranium ccncentraticn cf 9
percent. With a conbentration of 30 perdent uranium and e
temperature of 80000, 93 pefcent chlorination was reached after
passing the thecretical quantity of chlcrine, and a 50 percent’
excesgs ¢f chlor;né was.ample tc ensure maximum ohlprinatien.

The sulphide methed of chlorinaticn was net considered worthy

¢f further 1nVeét1gations after the first preliminary tests
which were nct prcmising; It was aiso ccnsidered that the
impure nature of the anhydrous sulphides avallable wcould prevent
ccmplete removal of coxygen frecm the chlcrinated melt.

9.3 Purificaticn and Reccvery of Uranium

It was evident frcm the results shown in Tables 5 and
6 that failure tc achieve. purificaticn was caused malnly by
contaminaticn ¢f the melt with oxygen from cxide impurities in
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the gfaphite crucibles and in the ash of the pitch'uséd fcr
treating the graphite,  Simllar take-up of cxygeh waé noticed
carlier from a vitrecesil crucible. ‘The final result%was that
uranium was preferentislly predlpitated as UOz, leaving ircn
and other impurities in the melt., For satisfactory separaticn
of impuritics, the melt should not cnly be chlcrinated until
free of cxy-salts, but olsc shculd not come into contact wiﬁh
any oxide materin~l preparatory to and during reductlon,

Test No. 27 (Table 6) showed that 1t was possible to
bring a graphite crucible to the state where no further oxygen
cbntamination of the melt was taking place. Under these con-
ditions, successful seporation of impurities was achleved with
only a very small excess over the theoretlcal amount of mag-
neslum metal, and only a smqll amount of uranium co-precipitated,
Unfortunately, by the tlme the grwphitp had bbbn brought to
this state ¢ purity it was apparently 8o porous that rapid
leakage of salts occurred.

| Although the impurities could be precipitated success—

fully, the purified melt, if decanted from the crucible, could
be re—éontamipated in several ways. Contamination could

result from the presence of ferric chloride and other volatile
chlorides on or necar the rim of the chlorination crucible.

There was no doubt that the reduced and purified melts (coh—
teining UG13> ropldly took up oxXxygen when exposad tc alr, and
this seemcd unaveldable in the pouring opgration. Kntz and

Rebinowitch (1951) reported that UCL3 at 700°C ropidly oxidises

to UO2012 in air. Oxide impuritiecs in the graphite of the

receiving crucible als: caused cxygen contamination of the purl-

~Tied melt, the finol result belng that uraniuzm exide, rather

than metel, depeslted cn the cathede during electrclysis.

It was cconsidered significant that the cnly reascn-—
ably successful prcducticn cf_metal was from o melt Which had
nct been pcoured intc a éeccnd crucible; The producte électrc—
lysel frem purified melts which had been pcurcﬂ were grossly

contaminated with oxilde.
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The alternative pfooedure for purification by electro-

- lysis, using hydrogen injeotich tc keep the melt redu?ed, aia

not show any prcmise of success, Similer difficultées from
cxygen contaminoticn caused preferentiai depcsliticn of UOg.

Apafﬁ frem this ccnéideraticn, 1t was dcubtful whether a clear—

| cut remcval of impuritiece cculd be cbtained electrolytically,

even in the absence of cxysalts, withcut the wasteful co-

depesiticn of a large propcrticn of the uranium,

10, GENERAL DISCUSSION OF THE GIBSON PROCESS.

Althcugh the feasibility and the efficiency of the

ccnversiocn of uranium oxides tc¢ chlorides in a mclten salt

' Dbath has been confirmed, the difficulties asscclated with the

purificaticn stage ¢f the prcdess have prévented a complete
study being made, in that no metal has heen prcduced dlrectly
from Scuth fusfralian uranium cxide,

Labcratery scale work cn the latter stages of the
process has not been enccuraging, and it 1s ccnsidered that
the process may preve to be unworkdble.in the form cutlined by
Gibscon, chevef, it 1s pcssible that many cf the trcubles
experienced s¢ far may be less cvident cn a larger scale.

This ie mcst likely tc bDe the case wlth regard %o cxygen con-
tamination ¢f fully chlorinated and purified melts. It may
nlsc be posslible tc modify the.process inkséme way tc reduce
the purificaticn difficulties and further investigaticns will
be direoted tewards thié end.

If a purer, less pcrous grade of graphite cannct he
cbtalned, the use of cuter stesl ccntainers for graphite
crucibles will t:c continued, This shculd prevent undue less
cf salts thrcugh leakage, but at the risk cf ircn ccntamination
hy diffusion through the graphite. The ccmplete prccess
ghould e carried cut as rapldly as possible, in crder tc cut
down thé time duriﬁg which the melt may abscrh contaminating

oxides,
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The final test cf the process must be the purity 6f
metal prcduced, and 1t 1s hoped that further wcrk will enable
the prcduction of sufficient metal tc allow ccmplete swectrK

graphic analyses to be made,
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APPENDIX 1.

THERMOCHEMICAL GALCULATIONS.

1. CHLORINATION REACTION.

The free energies of reaction for scme of the>pcssiﬁm
chlcrination equaticne have beeh.calculated from data taken from
Katz and Rabincwitoh (1951) and Kubaschewski and Evans (1951).,
Althcugh it was shown during experimentnl work that the graphite
diffuser type of chlorination proceeded via intermediate oxy-
chlorides (UOpCls and UOCL2), no data were avallsble for these
cempounde, hence calculaticns were made only for the over—all

reactlions, It was realised that scme intermediate step might

prove tc be a ccntrolling factor, The free energles shown in

Table 7 indicated that chlorination should proceed readily ot-

molten salt.temperatufes, and that higher temperatures would

- Tavour -the reaction.

Ag no detailled investigations were planned for the
sulphide type chlorination, no calculations for these reactions
were made. In'@dditibn,.1nsufficient cata on sulphides were

avallable to enable these to be made with certainty.

TABLE 7.
FREE ENERGIES OF CHLORINATION RE4CTIONS. |

Free energy of reaction Kilocalorics)

Reaction 00%K - 1,000%% 1,100%K
(6279°C.) (7277 ¢, ) (8570 ¢.)
Ul + 20 + % Cle —» |

Uoly w200 =393 =425 - 45.8

D |
UCz + 3C + 5 Clp —3
5013 + 30C - = 67.C - 74.4. - 81.8

UCp + 2C + 201, -
2 —
UCly + 200 - ~ 62.8 ~ 64.6 - 66,4

UGz + 3C + 2Clp —> ‘
3014 + 300 - 9C.1 - = 95.9

l
-
O
!
(@]

. REDUCTICN ~ND PRECIPITATION,
The successful precipiﬁation of impurities and of -
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uranium by means of calclum or magneslun metai dependé_on thelir
relafi#e positions 1n the electrochehical series for @oltén
chlorides, This differs from the serles for.aqueous golu~
tilons. _

~ Such a serles has been given by Kortum and Bockris
(1951) which is shown below, ‘Delimarskil (1955) has deter-
mined the selectrode potentials of a series of metals in their
molten chlorides, taking a solium electrode in its pure salt
as-zgro potentlal. This eerics is compared with tha§ of

Kortum and Bockris in Table 8.

TABLE 8.

ELECTRCCHEMICAL SERIES IN MULTEN CHLCORIDES.

Kortumé& Bockris (1951) : Delimarskil (1955)
Electrochemical series ‘Electrodes Potentials at 700°¢,
Na/Nat ¢,00
Ca/Ca™t + 0.01
Mg Mg+ + 0.78
. Mn/Mn*+ + 1.51
Al A1/ALHE + 1,78
Zn ‘ - Zn/Zn*+ + 1,96
cd - 0a/0a++ + 2,11
Ph Ph/Ph*+ + 2,27
~Pe Sn/8n++ + 2,31
Cu Fo/Fet* + 2.33 (at m. pt)
Ag | Ni /Ni++ T+ 2,36 |
Sn o Go/Go**' + 2,42
Co Hg/Hg*+ + 2,53
NL oo : ag/agt + 2.55
Hg . Cu/Cu* + 2.65
st © Bi/Bitt¥ + 2.75
Bi Sh/Sh++s + 2,90

Uranium, vanadium, titanium, and thorium are not included in

-the above series, but thelr relative positions may bhe gruged hy

a compariscn of the deccmpositicn potentials c¢f chlerides at
800%C,, calculated from free energles «f fermaticn, Tabhle 9
lists caloulated decompositicn pctentials, the data being

derlved from various scurces.
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T4iBLE 9,
DECOMPOSITION POTENTIALS OF MOLTEN CHLORIDES AT 800°C.

NaGl | 3.3 ¥

CalCls , 5.3

MgCls - 2.5

U013 ' 2.4

ZI‘Cla 204

A1613 1.9

VCls L7

TiCls _ : 1.65

FeClp 1.2

From the above tatles 1t can be seen that all the metals below
magnesium in the seriles quoted by Délimarskii, and vanadiunm
and titanium in addition, should be readily separable from

uranium either by magnesium metal precipitation or hy con-

~trolled electrolyels, the cecomposition potentlals of the

impurities ranging from approximately O.5_to'2.0'volts.

| In the recovery of uranium by precipitation, or by
slectrolysis at morc than 2.4 V., thorium and zirconium should
prove the most difficult impurities to seporate, Experimental
work later showed that scandium was also a troutlesome impurity

to separate.
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APPENDIX 2.
CONTROL OF CHLORINATION.

1. . INTRODUCTION.

Several possible methods of deﬁermiﬂing the progress
and completion of chlorination were inveétigated, using the
melt éamples withdrawn as described in the text.,

. The means of testing the samples were -
‘(a) Visual appearance of o water solution,
(b) Spectrophotometric examination of & solution.
(¢) X~Ray diffraction spectrometry of the solid samples.

() An analytical procedure for determining oxygen
. assoclated with uranium,

. The development of the analytical procedure and its application

are the main contents of %his appendix,

2, PRELIMINARY TESTS.

G 2,1 Appcarance of Water Solution of the Samples

If the samples werec dissolved in water, without heat-

éo

ing, then the appearance and behaviour of the solutlon appeared
tc be a gulde to the state of chlorinaticn, The fcllcwing
stages were distinguished :—~
‘ 1., Yellew scluticn containing inscluble oxide.

2. Completely scluble, yellow sclution,

3. Yellcw—-green eocluticn, :

4. Green scluticn, easily hydroclysed- cn warming.

5. Relatively stable green socluticn.

Lo 2 'Spectrophotcmetric examinaticn cf Sample Scluticns

Spectrecphoctemetric examinaticn cf these sclutlicns
cstablished that the yellew colcur of stages 1 and 2 was due to
ferric chloride and uranyl chicride. By stage 4, nc uroanyl
chloride remained, but the ready hydrclysis of the soluticn
indicated the presence of urancus oxy-chloride. AThis salt was

not dlstinguishable frcm UCl) spectrephotcmetrically. Stage 5,

Q@

token as indicating ccmplete chlcrination, was therefcre cnly
distinguishable by the dcubtful charactéristiﬁ of stability of

the scluticn cn being warmed.
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2.3 X-Ray Diffraction Spectrometry of the Sclid Samples

One series of six samples was- submitted tc the
Mineraleogical Secticn, for exgminatién by the X-Ray diffraction
specctrometer, |

The graphs obﬁqined were examined for pceelble peaks
by which the final Alsappearance of oxysalts cculd be‘judged.

Although the bulld-up and the reducticn of uranyl

y B chloride (similar tc that indicated in stages 1, 2 and 3 in

para. 2.1) cculd clearlylbe followed on the X-ray diffracto-
grophs, there were nc definite'peaks attrivbutable tc urancus

oxy;chloride. This method was thersfcre of no value.

3., ANALYTICAL DETERMINA TIOV OF OXYGEN ASSOCIATED WITH URANIUM.
[ 3.1 Theory

An>analytical approach was worked cut in thecry.

Possible compounds of uranium menticned by Katz and

. Rabinowitch (1951), which cculd be present during chlorination,

ronged frem UO3. cr UOg,;through U0014, UOgClg,IUOGlg, UCl3,
UCl4 to volatile UCls ahd UG16. It was cbviocusly not poseihb B
tc determine all of these ccmpounds individually, but on over—
all distributich of oxygen and chlorine cculd be dstermined cn
‘ . each sample as follows .:--_. |

{a) Teotal urenium determinatic 'n, giving "x" g, atomg <f U
, . per unit of melt, cr 6x g. cquivalents of U, 1f all
- : the U were huxavmlcnt :

(b) Titraticn cf thb scluticn with dichnmato, giving
. indirectly the average valence state of the uranium,
Uyt g, equivalente of dichr:imate per unit cf melt
- was a measure of the difference between the actual
valence state of the uranium and the hexavalent
state assumed in (a). A

(c) Titration ¢f the water scluticn of the sample with
standard NaOH tc the completicn of the precipitaticn
of the uranium, From the equaticns belew 1t can
be seen that the consumpticn of NaOH is a measure cf
the chlerine asscclated with the uranium (-

< UCCl4 + 4 NaOH — 4 NaCl 4 UO3.HpO 4 HpO

. UOpClps + 2 NaOH — 2 NalCl «+ ‘UO}.HEO
UOCl, 4+ 2 NaOH ——s 2 NaCl + UOp.Hg0
UGl, + 4 NaOH _.5 4 NaCl + UOp.Hg0 + HgO
2UClg + 10 NaOE .3 10 NaCl + UOp.HpO + UO3.Hg0 +

3 Hp0
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Providing some sultableée means of determining the end cf the
precipitation was available, then "z" g, equivalents of NpOH
per unit of melt wculd give the number of g, equivalents of
chlorine assoclated with the uranium, |

| With xg. atoms of U, a maximum of 6xg. equivalents
of chlorine anhd/ér oxygen can-bé assoclated, Since y .
equivalents of dichromate are taken up by fhis amount -of
uranium, only 6x —~ y g. equivalents are available foréoxygen

and chlorine. The amount of oxyzen (in g, equivalents) is

thus represented by 6x ~ y - z.

iAn oxygen/uranium ratio may then be calculated and
expressed as percentage chlorination, dssuming a 3:1 atonmic
ratio (UO3) as zero chlorination, and a nil ratio (UCl4 or
UC15 with no oxysalts) as 100 percent chlorination,

Iron, and othef_impurities, which will precipitate
with NaOH pust he determined and allowed for at fheir normal
oxidised valence states.

3.2 Sodium Hydroxide Titration

Synthetic solutlons of uranium chloride were made

from pure UO3.

Solution A Uranyl chloride (U02C12), containing
21,2 g/1.. U) '

10,6 g/1, 01
Approximately O.1 N free acid,
Solution B Uranous chloricde (UCly),

determined by analysis.

Produced by electrolytic reduction of e solution of the same
composition as 4 above; The solution was electrolysed for a
prolonged periéd in the cathcde compartment of a cation-
permeable membrane cell, The reduced scluticn was acsreated
for two hours tc ensure that any UClz was re-oxidised tc UCly4.

19.9 g/1. U ) |

: ‘ dstermined by analysis.

10,6 g/1. C1 % ‘ 4

Free acldity praqﬁically nil,
These solutlcns were titrafed with standard NaOH

solution beth conductometrically and by follcowing the pH
- CONFIDENTIAL -
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change. Best agrcement between thaory and practice was ohtained
by titration of uranyl chlcride using pH measurement. The end-
point inflect;en_at pH 6Acoihoided with the theoretical titra-
ticn filgurs, |

It'was decided to oxidise all solutions with hydrogen
peroxide before titrating, Most of the uranium‘was precipl-
tated as uranium peroxide; liberating free acld which was then
titrated. Methyl red indicator could be used 1in place of a
PH meter{ pH 6 being the point of no further change of colour.
It was shown that the additien'of excesseperoxide did not
affeet the NaOH consumption, In order to obtain a better end-
point in the presence of,ferric hydrbxide preeipitate, the

methyl red indicator was screened with methylene blue.

3.3 Procedure with Samples

During chlorinatlon tests, somples of melt were with-
drawn at suiltable intervals, weighed and dissolved in measured
volumes of pure water, eo that suitable aliquots .of the solu-
tion could be taken for assay.

When crude-oxide wa.s belng chlorinated, assays for
uranium, iron ond sometimes titanium were made. ALl ether
impurlties.whioh were precipitable with NaOH were estimated
from the known ratios of impurities to uranium in the crude
oxide, Aliquots of the solution were titrated with 0.1N
dichromate and with 0.1N NaOH,

The followiﬁg formula was then applied :-—

Oxygen (g. equivalents) = (6x Ug. atoms) + (3xFe g.
atoms) + other impurities (g. squivalents) ~ NaOH (g.
equivalents) -~ K20rg07 (g. equivalents),

From this-figure, the oxygen/uranium ratio and hence
percentage chlorination was calculated. |

From the dfchromate titration, the average valesnce
gtate of the uranium could also be calculated. ~ In e fully
chlorinwted melt, this meant that the proportion of uranium
present as UGl5 was kncwn, and the correct_quantity of magnesium

required fer reduction could be calculated.
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3.4 Probable limits cf error

The maximum possible spread of error in the detérmin~_

ation of percentage chlorination was of the order of + 5 per

~cent when near 100 percent chlorinzted, but from the tests

carried out so far the hormal spfead of error in any onc test

wag no more than + 1 percent.

4. TEST CHLORINATION OF PURE UO3.

A chlorination pf pure UO3 was carried out to provide
o sceries of samples to test the above method of determining
the degree of chldrinatidn.' Pure UO3 was used as feed in
order to simplify the anaiyt&cal-procedure.
Temperature was mailntained at 750°C.
' The results of the analyses of progress samples

from thie test are summarised in Tsble 10, . The rate of

chlorination is shown grﬁphically in Figure 12,
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T4BLE 10.
CHLORINATION OF PURE UO3.

Spmple No.© 1 2 3 4 > 6
Time ~ hours 0.75 1.5 . 2.25 3.0 4.5 .6.0
Fraction of | : -

theoretical 0.6 1.2 1.8 2.4 3.6 4.8

Clo addsd. . .
Appearance of yvllow ellow/ light 1ight

solution of gome y ) green  grecn green - green

Sample insol. green :

375 375 370 372 .382

mg. oatoms pe
1l g. meld

Kg0rp07 titra-
tion mg.
equivs. per

1 g, meltd

;
)
)
J 4
U content - )
r
§
) - ,
% . 044 .216 '.433. .638 _,_.719 W71

NeOH titration
ng, equilvs.

485 .95  1.25 1.41  1.52  1.57
per 1 g, melt :

)
Calculated g } |
oxygen mg, _ .
equivs, per ) 1.72 1,08 567 .172 .007 .011
1l g, melt )
0: U o |
(atomgggio g 2.3 1.44 .75 0.23 -0.01 .014
Percentage g ) .
chlorination ] 23% 52% 75% 92% 100%. 99. 5%

of U03.

5, DISCUSSION.

. The test chlorination 1llustrated in Fig. 12jshowed
thdt the analytical méthod of determining cxygen in the melt
woeuld provide a reascnable ferm of éontrol ¢f the chlorination
reaction. The relatively snall scatter of pointe abocut a
smocth curve indicated conly a small haphazard errcr in the

determinaticns, and the gunbrol vnlidity of the methed was con-

firmed by the fact that the curve flattened zut at 100%
cthrination.

It was noted in Table 10 that at the stags where Nec. 3

sample was completely scluble, giving a gresen scluticn, the
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uranium was only 75% chlorinated, This implied that enough
oxygen was present for £5% of the uran;um to exist as UO3, or
75% of fhe uranium to exist as UCGlg. Ag the uranium was com-
pletely soluble, giving a green solution, the latter was
obviously the case. " After the theoretical quantity of chlor—
ine had been passcd, onl& 42% chlorination had been achicved
and over % times %the theoretical amount of chlorine was
necessary to ensure 100% chiorination. The danger of relying
on the vlsual appearance of the sample soclutions as a gulde to
completion of chlorination was emphasised‘by comparing visual
appearances with the analytiecal determinations.

The onalytical work on each sample, including weighing
the cooled sample and dissolving in a measured volume of water,
could be-completed in 1itile mqre than one hour, provided the
necéssary equipment and reagents were prepared'and ready for
use.  The S?fviceé of two assistants would be required to
anable rapid uranium and iron assays to be.carfied out without
delay. |

The uée of thié'procedure ag & prccess contrcl was
considered to be quite feasible, the delay'of one hour being
well worth-while in crder to obtain an accurate estimate of the
state of the melt, However, in mcst of the laberatory teéﬁs,
1t was mere convenlent to carry cut assaysland calculaticns,
and to draw the graph showing the rate of chlerinaticn, after

the experimental run was completed,
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