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FOREWORD

The rapid development of nuclear power — the total capacity is now
about 9000 MW (e) — is expected to lead to a great increase in the demand
for uranium, This in turn will make it necessary to extract uranium from
ores of lower grade than are usable at present, Since the resources of these
ores are at least ten times as great as those of ores from which uranium
can be extracted at current costs, the processing of such low-grade ores
is of particular interest to many countries.

Realizing the importance of this problem, the International Atomic
Energy Agency convened a panel of experts from 27 June to 1 July 1966 at
its headquarters in Vienna. A total of 22 specialists from 15 countries and
one international organization took part in this meeting, which was asked to
give an appraisal of the current status in this field and make recommenda-
tions for a possible Agency programme.

This publication covers the Panel!'s work and includes 26 papers and
reports, a summary of the technical discussions and the Panel's recom-
mendations., There are a number of status reports covering recent work
in various countries, The technical papers are devoted primarily to pre-
concentration of ores, solubilization of uranium from ores and recovery
of uranium from solutions and slurries. The contributions revealed im-
pressive advances in processing techniques made over the past few years
which may enable substantial reductions to be made in the cost of extraction
from ores,

It is hoped that the proceedings will be of interest to engineers and
scientists working on uranium and other non-ferrous ore processing.
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STATUS REPORT FROM AUSTRALIA

J.R. STEWART
AUSTRALIAN ATOMIC ENERGY COMMISSION,
COOGEE, NSW, AUSTRALIA

COMMERCIAL PRODUCTION

During the period 1954-59, five plants for the production of uranium
chemical concentrates (yellowcake) were constructed in Australia. Only
one of these is in operation at the present time, but two more have been
kept on a 'care-and-maintenance' basis pending revival of the market
for uranium. The other two were disbanded after completion of contract
production. Brief details of each of the plants are given below,

Rum Jungle

Commissioned in 1954, this plant was built to produce about 200 short
tons of uranium oxide per year from ores grading 5-8 1b U;04/ton?.
More recently, the availability of ore with more favourable treatment
characteristics has giver the plant a greater production potential but,
in present circumstances, production has not been expanded. The main
ore type mined in the area is finely divided pitchblende in carbonaceous
slate; some secondary minerals also occur. As in the case of the
other commercial producers, the mineralization occurs in rocks of
Precambrian age. One of the Rum Jungle uranium deposits contained
economic copper mineralization, so a base metal flotation circuit and
a cementation copper unit were also provided in the plant. Until 1962,
uranium ore treatment was carried out by acid leaching followed by ion
exchange and magnesia precipitation. In that year, the ion exchange
unit was replaced by a solvent extraction circuit. This change made
possible the production of a higher grade product containing about 90%
U304, compared with 60-70% U404 by the ion exchange process, It
also resulted in economies in plant operation.

Radium Hill/ Port Pirie

The Port Pirie plant, which commenced operations in 1955, was
capable of producing up to about 175 short tons of uranium oxide per
year. Davidite ore was mined at Radium Hill and pre-concentrated
at the mine site by heavy medium separation and flotation. The resulting
concentrates were then railed to the treatment plant at Port Pirie. Due
to the refractory nature of the ore mineral, leaching had to be carried
out at boiling point with strong sulphuric acid. The uranium was then
recovered by ion exchange and magnesia precipitation. Both the physical
and chemical concentration plants were dismantled after completion of

1 All tons are long tons of 2240 1b unless otherwise stated.
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deliveries under the sale contract, due partly to lack of further proven
ore reserves, and partly to the inherently costly nature of the treatment
process.

Mary Kathleen

The Mary Kathleen plant was completed in 1958, An electronic
sorting unit was installed in 1960 to reduce the amount of waste material
fed to the mill. The plant can produce about 1000 short tons of uranium
oxide per year when working at full capacity. The Mary Kathleen ore
consists of a garnet-rich rock containing microscopic grains of pitch-
blende in allanite. The treatment process comprises acid leaching,
ion exchange and magnesia precipitation.

South Alligator River Area

There were two small uranium treatment plants in this general
area. One had a production capacity of the order of 140 short tons of
uranium oxide per year, while the output of the other was about 55 short
tons per year. Both plants were of the acid leach/solvent extraction/
magnesia precipitation type. The.,larger one treated a variety of ores
from a number of deposits. The ore types ranged from massive pitch-
blende mineralization to ores consisting entirely of secondary uranium
minerals. These different ores were blended to achieve an average
head feed grade of 7-9 1b/ton, except in 1963 when the average grade
of ore treated was 15.2 lb/ton. The smaller plant treated high-grade
ore from the Rockhole mine which averaged about 1% U404.

ACID CONSUMPTION

A most important element in the cost of chemical treatment of
Australian ores has been the quantity of concentrated sulphuric acid
which must be added to accomplish a satisfactory recovery in the
leaching stage. Because of the remote location of both Rum Jungle
and Mary Kathleen, sulphuric acid manufacturing plants had to be
constructed at each site. The South Alligator companies purchased
their acid requirements from Rum Jungle. The average acid con-
sumptions of the various ores treated to date are shown in Table I.
Actual acid addition in all plants except Radium Hill was governed by pH
requirements. At Radium Hill, the treatment process called for a fixed
addition of 840 1lb of concentrated acid per ton of ore. Retention time
in the leaching stage ranged from 23 h for Rum Jungle Creek South ore
to 20 h for South Alligator Uranium N.L.'s high- grade ore. At Radium
Hill leaching was carried out at boiling point for 10 h.

METALLURGICAL RESEARCH
In addition to test work associated with the operations of the produc-

tion plants, considerable research effort in Australia was devoted to
ores not amenable to treatment by the processes used in the existing
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TABLE I. CONSUMPTION OF SULPHURIC ACID FOR
AUSTRALIAN ORES

Acid addition

(1b/ton)
Rum Jungle
(a) White's ore 260
(b) Dyson's ore 315
(c) Rum Jungle Creek South ore 155
Radium Hill 840
Mary Kathleen 157
South Alligator (2) 80

plants. Despite this research, satisfactory treatment processes are
still not available for a number of different ore types found in Australia,
Worthwhile reserves of several of these ore types are known to exist.

The main lines of investigation undertaken and the results obtained
are summarized in the paper 'Uranium Processing Research in
Australia' in section II of these Proceedings.

DEFINITION OF LOW-GRADE ORE

A low-grade ore might be defined as an ore which cannot be treated
economically for the recovery of its uranium content in an existing
plant (either alone or in conjunction with higher grade material) and
which would not, under present economic conditions, support the erecticn
of a new plant.

When mining an orebody, it is necessary to adopt a cut-off grade
such that the average grade of the material supplied to the mill is
sufficiently high to make the operation economically viable. For example,
at Rum Jungle the cut-off grade has normally been set at 2 1b Uz Og/ton
because this cut-off has resulted in an average mill feed grade of
6 1b/ton or better. As the ore in all four uranium orebodies mined in
this area was won by open-cut methods, material with a uranium content
below the cut-off grade was recovered at practically no extra cost and
stockpiled. This stockpiled 'low-grade ore' averages about 1.5 lb/ton
and could not be treated economically in the Rum Jungle plant. It may,
however, be possible to recover the uranium in it by bacterial leaching
if natural leaching in the monsoonal climate does not extract too great
a percentage of the uranium values in the meantime,

As most Australian uranium orebodies exploited to date have been
worked by open-cut methods, little low-grade ore has been left in the
ground. The situation would, of course, be likely to change significantly
with a larger proportion of producers using underground mining methods.
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In addition to ore which is below the cut-off grade for an associated
treatment plant, other occurrences of uranium mineralization may not
be economic for one or more of the following reasons: (a) insufficient
tonnage, (b) grade too low, (c) too expensive to mine (e.g. at too great
depth or in bad ground conditions), (d) ore is refractory (too difficult or
too expensive to treat).

As mentioned above, low-grade ore may occur in deposits which
have proved to be economic to exploit, or in deposits which have not
proved to be economic to exploit. In general, it could be said that there
is a complete spectrum of occurrences ranging from rocks containing
only a few parts per million of uranium through to high-grade ores from
which uranium can be recovered at costs of production as low as
US $2-3/lb.

In Australia there has been no attempt to investigate in detail
discoveries of uranium mineralization in what might be called the
'very low-grade' category. The Rum Jungle and Mary Kathleen plants
were the only ones available for the custom treatment of outside ores.
It was well known that these plants had been designed to treat ore
grading 6 1b U3 Og/ton and 4 1b/ton respectively and it was therefore
generally recognized by prospectors that a grade of 4~5 1b/ton would
probably be necessary for economic exploitation, either by custom
treatment in an existing plant or as a new producer., Certainly,
mineralization appearing to have an average grade of 2 1b/ton or less was
discounted as a possible source of commercial production.

It also became known early in the search for uranium in Australia
that certain ore types were not amenable to treatment by the processes
used commercially at the time.

Although the Radium Hill/Port Pirie operation was based on treat-
ment of davidite ore, the Port Pirie plant was not able to accept custom
ores. In any case, such ores, or physical concentrates made from
them, could not have been transported economically over long distances
to the Port Pirie plant. Thus, although a number of davidite-type
deposits were found in South Australia, New South Wales and Queensland,
very little development work was carried out on these prospects,

As well as the davidite-type ores, there were a number of other
ore types which proved to be not amenable to standard treatment processes.
Some deposits of this type were of reasonable grade and offered signi-
ficant tonnages of ore. The most notable example is Anderson's L.ode
in Queensland. Reserves proven to a depth of 1000 ft in this deposit
total 2280 short tons U30g contained in 1200 000 tons of ore grading
3.8 1b/ton, The mineralization consists of an extremely finely divided
uranium mineral in an altered calcareous greywacke.

ANDERSON'S LODE

An intensive programme of research into possible methods of
treating this ore was carried out by the Department of Mining and
Metallurgical Engineering, University of Queensland. Early tests
had shown that, under normal acid leaching conditions, acid consump-
tion would be of the order of 800 1b/ton for a recovery of 84%; if
carbonate leaching were used, recovery would be only about 50%.
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Later tests using carbonate leaching showed that multi-stage,
counter-current leaching improved recoveries, but that temperatures
of over 104°C were required. Even under these conditions, it was
apparent that it would be difficult to achieve an extraction significantly
greater than 63% overall in the leaching stage.

With two-stage acid leaching, the highest extraction obtained was
79%, Tests showed that 20% of the uranium in the ore was so finely
divided that it was not exposed to acid attack even after very fine
grinding.

As more drill core samples became available, it was noticed that,
where the carbonate content of the ore increased, there was a much
greater than equivalent increase in acid consumption. Further, ana-
lyses showed that the fraction of ore within the U304 grade range
0-0. 1% contained approximately 20% of the ore, 38% of the carbonate
and 6% of the uranium. This suggested the possibility of developing
a flotation process for the separation and concentration of the carbonate
minerals in the ore,

For a flotation stage to be successful, it was necessary to ensure
that the tails would be sufficiently low in carbonate to permit direct
acid leaching. It was also desirable that the concentrate should contain
as little uranium as possible, because it was envisaged that it would
be subjected to carbonate leaching, with its attendant lower recovery.
However, even if the carbonate fraction were rejected, the average
loss of U3 Og per ton of ore treated would be only 0. 23 lb.

Certain long chain fatty acids showed promise as flotation reagents
but, when the recovery was satisfactory, the degree of concentration
was not sufficiently high. Resuls using a depressant and cleaning
stages were more satisfactory and concentration ratios of 4-5 to 1 were
obtained.

To test the laboratory results, a pilot plant was set up. With single-
stage leaching, extraction of uranium increased with increasing acid
addition up to 200-250 1b/ton. Above this range, acid addition up to
350-400 1b/ton caused no increase in uranium extraction. It was concluded
that single-stage leaching could not give recoveries greater than 62%
without the use of an excessive amount of acid. Two-stage leaching
at a minimum leaching temperature of 45°C resulted in a significant
improvement in recovery. At plant scale, it was considered reasonable
to predict an extraction efficiency of §5-70% at an acid consumption
of 190-240 1b/ton. For cost estimating purposes a recovery of 66% at
210 1b/ton acid addition was assumed.

To carry out multi-stage leaching in an industrial plant, resin-in-
pulp, solvent-in-pulp or counter-current decantation could be used for
extraction of uranium between leaching stages. In the particular case
of Anderson's Lode, however, multi-stage leaching would have to be
carried out at elevated temperatures. Counter-current decantation
would therefore be excessively expensive due to the necessity to reheat
the pulp between leaching stages.

Considerable experimental work was carried out on the solvent-in-
pulp process. The results obtained were quite promising but considerable
further developmental work would be required before a commercial
plant could be designed. (Further details are given in the paper 'Uranium
Processing Research in Australia'.)
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Another possibility in a plant designed to treat Anderson's Lode
ore might be an electronic sorting unit to reject ore containing less than
0.1% U304. This fraction, as mentioned previously, would contain
38% of the carbonate content and 6% of the uranium content of the ore,
and could be stockpiled for later treatment by carbonate leaching. If
electronic sorting proved feasible, it would not then be necessary to
incorporate a flotation circuit in the plant,

Despite the considerable research effort summarized above, a
treatment process which would ensure reasonable recovery of uranium
from the Anderson's Lode deposit at a cost which would enable the
product to be sold at US $8-10/1b has not been developed. Thus, over
2000 short tons of uranium oxide in this deposit are not economically
available at the present time. In addition, there are other orebodies
in the Mt,Isa district known to be of similar type, including particularly
the Skal Lode. The reserves available in the Skal I.ode are not known
with certainty, but are probably considerably in excess of 650 short tons
Uz Og. Other deposits, which appear to be smaller, also occur,

PRESENT AUSTRALIAN POSITION

From Australia's point of view, it would be of considerable ad-
vantage to have available economic processing techniques which would
enable uranium to be recovered from those ores of reasonable grade
which must at present be regarded as uneconomic. These include,
particularly, carbonate-rich ores in which the uranium exists in a finely
divided state and is not amenable to carbonate leaching, and refractory
ores containing minerals such as davidite, absite (thorian brannerite),
etc, With reserves of uranium in these types of ores amounting to
thousands of tons, no metallurgical research effort has to date been
directed at possible future processing of very low-grade ores containing
1-2 1b U30g/ton or less,

On geological grounds, there would seem to be good prospects for
further discoveries of medium- to high-grade ores in Australia. If such
discoveries are not forthcoming when the search for uranium is renewed
to meet the steadily growing demands of the nuclear power industry,
attention will have to be directed towards occurrences of low-grade
ores,

Several low-grade deposits, possibly of quite large dimensions, are
known at the present time but their treatment characteristics are un-
known. For example, the mineralization in one such deposit is known
to consist mainly of thorogummite. No work has been done on the
treatment characteristics of mineralization of this type.



STATUS REPORT FROM CANADA

A. THUNAES
ELDORADO MINING AND REFINING LTD.,
OTTAWA, CANADA

The Canadian production of uranium increased in a spectacular
manner during the period 1955-1959 from 1000 to 15500 tons U3sOg per
year. Since 1959 the production has declined to the 1966 level of 3900
tons U3Og per year; stretch-out of contracts and government stock~-
piling programmes has made the decline gradual, and is maintaining
the current rate of production until 1970 [1, 2],

Nineteen mills were in operation during the period of peak production
but only three are operating today. Ten mills were shut down and dis-
mantled because of exhaustion of ore bodies or because the operation was
uneconomical; six mills are maintained in stand-by condition. The total
daily capacity of mills in operation or standing by is about 28 000 tons ore,
but some of these mills would not be reopened unless an appreciable in-
crease in uranium price occurs [3].

The tide of uranium demand is about ready to turn and prospecting
for uranium is very active this year, particularly in the Elliot L.ake and
Beaverlodge areas. The estimates for uranium demand in 1975-1980
are such that new ore will have to be found and developed, and new treat-
ment plants must be built. The new ore that is found will likely be of
lower grade or more expensive to mine than most of the current proven
reserves in Canada [3, 4] and the most efficient methods of treatment
will be needed to avoid excessive increases in production costs.

This seems an opportune time to review Canadian milling of uranium
ore, the improvements that have been made and development work
towards further improvements.

URANIUM MILLING PLANTS

Three principal leaching systems have been in use, the choice of
process being made to suit the ore type [5]:

(a) Sulphuric acid leaching of pitchblende ores at controlled pH level
1.5~1.8 for 24 h at ambient temperature; sodium chlorate oxidant; re-
covery of uranium from solution by ion exchange or solvent extraction.
Seven mills were employing this process but are not active at present [6].
One mill may eventually reopen, the others were shut down because of
lack of ore. Total capacity 7700 tons per day.

(b) Sulphuric acid leaching of brannerite ores with free acid at 5%,
long retention time, higher temperatures, recovery from solution by ion
exchange. All mills in the Elliot Lake district are treating brannerite
ores and 90% of known Canadian reserves of uranium is this type [7].
Total capacity installed was 35000 tons ore per day from eleven mills but
only seven mills are operating or maintained on a stand-by basis.

(c) Sodium carbonate leaching of pitchblende ore, with recovery from
solution as sodium diuranate. The only mill of this type is the Eldorado
mill at Beaverlodge which is operating at 1500 tons or 75% capacity [8].
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VARIATION IN MILLING PRACTICE AND IMPROVEMENTS MADE IN
PROCESSING SINCE THE ORIGINAL INSTALLATION

In the rush to reach production, the many large mills in the Elliot
Lake area were built and brought into production with only a limited
amount of laboratory and pilot plant testing. This testing was done at
the Mines Branch Laboratories where capacities for pilot plant through-
put was of the order of one ton per day; due to demand for testing facilities,
the duration of pilot plant testing of each ore was short [9]. .

The mills treating pitchblende ores had the benefit of quite extensive
pilot plant testing of acid and alkaline leaching systems for Port Radium
and Beaverlodge ores.

While all milling results from the start of operation showed grati~
fying results, many refinements and cost saving changes have been made
as operating experience was gained. Some of these changes are noted
below; they have contributed to reduction in processing cost in spite of
increase in labour rates and unit costs of supplies.

(a)} Grinding costs were reduced by changes from ball to pebble
grinding at mills in the Elliot Liake district [10]. Besides a saving in
cost of grinding steel, the lesser amount of abraded steel in the pulp
appeared to lower the consumption of oxidizing agents. The mills in the
Bancroft district had pebble grinding in the original installations. Auto-
genous grinding of coarse ore was recently (1965) installed in the
Beaverlodge mill, Canadian uranium ores are hard, and grinding costs
correspondingly high, so savings in this section are important.

(b) Equipment has been improved both as regards design and material.
Most mills that were installed with mechanical agitators in the leaching
section have converted to pachuca-type leaching, lower maintenance costs
have resulted and a slight saving in reagents. In the Beaverlodge plant
pachucas have replaced autoclaves for similar reasons.

Significant changes have been made towards more corrosion resistant
and durable materials for tank linings, piping, filter cloths and pumps.
Even in alkaline leaching corrosion was a major problem until remedies
were found [11].

(c) Automatic controls were used to some extent in the first Canadian
uranium leaching plant at Port Radium, particularly for control of acidity.
All plants now have automatic controls in some areas, such as for
grinding, density and level control, acidity, temperature and emf range.

(d) Electronic sorting of waste from coarse ore, which had been
developed and tested in the early period of Canadian uranium research [12],
was improved and installed for plant operation at the Bicroft mill in 1958,
A second sorting plant has operated since 1962 in the Beaverlodge plant
in northern Saskatchewan [13].

Electronic sorting is practical for +3 inch ore; provided the
uranium is not too uniformly distributed with ore, useful savings can be
made.

Many changes have been made to the actual chemical and physical
process conditions of the uranium ore processing since the original plant
installation, and alternative or additional processing steps have been
introduced. Among the more important changes are the following:

(1) In some Elliot Lake leaching plants two-stageleaching was
introduced {14]. In this system the high acid leach liquor (5% H¢SO4) was
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separated by filtration and returned to leach new ore in a low acid system
and the resultant pregnant solution was of lower acidity, requiring less
pH adjustment for ion exchange. Appreciable acid savings resulted,

(2) Higher pulp densities, with consequent longer contact time, and
higher temperatures,have become common practice in Elliot Lake mills;
this change has improved extraction from 90-92% to near 95% [7].

(3) In the Port Radium leaching plant from 1958 to the mine shut-
down in 1960 solvent extraction was used for recovery of uranium from
solution. This was the first solvent extraction plant employing tertiary
amines, and the results were excellent as regards costs and recovery [15].

In the Beaverlodge mill, which is the only Canadian plant based on
sodium carbonate leaching, a number of process changes have been made
since the original installation [16].

(4) Flotation of sulphides for separate treatment in a small acid
leaching circuit as a means of saving expensive reagents.

(5) Change from autoclave to pachuca-type leaching with consequent
savings in maintenance and reagents.

(6) Evaporation of the solution before precipitation to save reagents
and to reduce soluble loss to a minimum. A fairly high content of sodium
bicarbonate must be present in solutions during leaching in order to
extract uranium at a satisfactory rate from Beaverlodge ore. The re-
moval of some bicarbonate before precipitation saves reagents for precipi-
tation. Evaporation of water from leach solution permits the use of a
corresponding amount of wash water to filtration without bleeding of
solution; this reduces soluble loss of sodium carbonate and uranium to
a very low level.

(7) Lime is used as a partial replacement for caustic soda to reduce
consumption of the more expensive reagent. Another benefit of this system
is removal of ionium which is an objectionable impurity in the precipitate.

(8) Oxygen has been used as replacement for air as an oxidizing agent
since 1965. The use of oxygen greatly reduces the volume of exhaust
gases and thereby reduces heating costs. Further reduction in heating
costs have been made by pulp-to-pulp or gas-to-pulp heat exchangers.

(9) In all uranium plants thickening and filtration have been improved
by the use of better flocculating reagents in a more efficient way.

(10) Underground leaching of uranium ores is a relatively recent
development in Canada, having been initiated in late 1962 [17]. At present,
several mines in the Elliot LLake area are recovering uranium from mine
water, obtained by washing down stopes and sprinkling of low-grade heaps
or ore in a systematic manner. The water is pumped to the surface for
recovery of uranium. The dissolution of uranium is apparently accelerated
by the presence of bacteria that produce ferric sulphate and acid from
sulphides, but optimum conditions for bacterial leaching have not been
aimed at. The combined annual production from these operations is now
in excess of 500000 1b U30g.

(11) By-products, such as thorium and yttrium, are now recovered
from ion exchange barren solution in the Elliot Lake area [18]. The
production of readily recovered thorium and yttrium is already a factor
in overall costs and production could be greatly expanded if the demand
warrants this in the future,

(12) One plant has been established by Rio Algom Mines for production
of nuclear grade UO, from ion exchange eluate. This plant commenced
operation in 1966.



12 THUNAES

CANADIAN DEVELOPMENT WORK IN URANIUM PROCESSING OF
POSSIBLE INTEREST TO FUTURE OPERATION

After the great rush to place the many uranium mills in operation
and towards the latter part of the nineteen fifties, metallurgical develop—
ment work for most companies was aimed at solving day-to-day problems
in processing, establishment of optimum process conditions and intro-
ducing improvements or additions to the original flowsheets as mentioned
earlier. The milling plants were established and paid for, but contracts
for sale of uranium were of short duration. Consequently, the management
of many companies were not too interested in spending money on long-term
metallurgical development work.

In spite of the unfavourable short-time outlook for uranium sales,
research and development on uranium ore processing did continue to a
significant extent at the laboratories of the Mines Branch, Eldorado
Mining and Refining, Rio Algom Mines and others. In 1959, The Canadian
Uranium Producers Metallurgial Committee was formed for the purpose
of exchanging information on research in uranium ore treatment, dis-
cussing results and recommending new projects. The CUPMC has been,
and is, a valuable clearing house for information on all uranium develop~-
ment, except in isolated cases where commercial secrecy applies.

Some of the more interesting development work that has been done,
and is in progress, is mentioned below:

(a) Flotation of uranium ores for the purpose of pre-concentration
has been the subject of considerable laboratory and pilot plant development
work [19, 20]. Three main types of Canadian uranium ores have been of
economic importance: (i) the Elliot Lake type which contains brannerite
with some pitchblende or uraninite in a quartz conglomerate associated
with pyrite; (ii) pitchblende in hydrothermal veins, generally finely dis-
persed and closely associated with chlorite and calcite; and (iii) peg-
matitic ore containing uraninite and uranothorianite.

Testwork on flotation of brannerite ores and of pegmatitic ores has
shown promising results, and this will be covered in a paper presented
to the Panel (see section II). Attempts to concentrate uranium from
pitchblende ores of the hydrothermal type have been less successful;
testwork in laboratory and pilot plants has shown, however, that acid
consuming minerals can be separated rather successfully from the bulk
of the ore, giving two products for separate leaching by acid and sodium
carbonate solutions. This approach may be of interest for some future
plants.

(b) Pre-concentration by gravity concentration methods has been
tested quite extensively and may yet have its place in future treatment
of Canadian ores, particularly ores of lower grade.

Conventional heavy media separation of crushed ore is well established
in the milling of base metal ores, and has been tested on some uranium
ores. In recent years, the heavy media separation in cyclone systems has
been improved to a point where ore down to 65 mesh can be treated and
results are close to the theoretical separation obtainable by heavy liquid
separation in the laboratory [21].

A recent Canadian development is the 'Compound Water Cyclone' which
operates with automatic control of the vortex and does not employ a heavy
media. This most promising system will soon be tested for concentration
of uranium ores {22, 23].
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(c) The Jones Wet Magnetic Separator has been tested for concen-
tration of some Canadian uranium ores and very interesting results have
been obtained as regards recovery and ratio of concentration {24].
Additional testwork is planned; recent manufacture of large units with
capacities up to 30 tons per hour has been reported.

(d) Bacterial leaching of uranium from ores has been studied quite
extensively in Canada, particularly at the Mines Branch Laboratories [25].
A paper outlining research work in this field will be presented to the Panel
(see section II). At this stage it is evident that bacterial leaching should
be considered in conjunction with pre-concentration; these two low cost
systems should complement each other, bacterial leaching being applied
to rejects from pre-concentration.

(e) Solvent extraction from acid leach slurry has been a subject for
research in many countries, including Canada. Eldorado has developed
a system which appears practical and pilot plant testing was commenced
last year in the Beaverlodge mill. The pulp used for testing is the acid
slurry from leaching of pyrite flotation concentrate. A second pilot plant
run is now underway and results should be available in two or three months.

(f) Production of sulphuric acid from pyrite or sulphur without a
conventional plant for acid manufacture has been tested quite extensively.
Some systems involve production of acid in the pulp with simultaneous
leaching of uranium either at elevated or atmospheric pressures. Other
systems tested have aimed at producing acid from a pyrite concentrate,
the resulting strong acid pulp being returned to leaching of the main ore.
Leaching of uranium ore by introduction of SO and air has been success-
fully accomplished in the laboratory and small pilot plants; many variations
have been tried and for certain types of ore the methods are of interest.
Finally, the production of relatively strong sulphuric acid by auto-
oxidation in aqueous solutions with SO, and air was developed to a signifi-
cantly higher efficiency.

(g) Recovery of uranium from ores by chloride volatilization has
been tested to a limited degree in the Eldorado Laboratory. While re-
coveries of uranium were satisfactory, the regeneration of reagent, or
a more selective volatilization process, is required in order to make the
system economically attractive [26].

FUTURE TREATMENT OF LOW-GRADE URANIUM ORES IN CANADA

In the foreseeable future — say for 20 to 25 years — the uranium
ores that will be treated in Canada will likely be of the same three main
types as those that have been mined to date. However, as the need for
additional reserves will increase, it seems likely that these ores will be
of lower grade.

As the demand for production increases new plants will be needed,
and sections may be added to existing mills in order to apply pre-
concentration and bacterial leaching for increased capacity. '

The many cost saving changes that have found their way into operation,
and others that have been developed through the testing stage, will help
to prevent runaway prices for uranium in 10 to 15 years.



14

1]
2]
{3]
[4]

[s]
(6]

(71
8]

[9]
(10}

[11]
[12]

[13]
[14]

[15]
[16]
[17]

{18}
[19]

[20]

[21]
[22]

[23]
[24]
[25]

[26]

THUNAES

REFERENCES

ELDORADO MINING AND REFINING LTD., Uranium in Canada (1964).

POPOFF, D.R., Uranium, Can.nucl. Tech. 5(1966) 21-25.

ROSCOE, S.M., "Unexplored uranium and thorium resources in Canada", Geological Survey of
Canada, Economic Geology Ser. 16, 2nd ed. (1962) paper 66-12.

LANG, A.H., GRIFFITH, J.W., STEACY, H.R., "Canadian deposits of uranium and thorium”
Geological Survey of Canada, Economic Geology Ser. 16, 2nd ed. (1962).

THUNAES, A., Canadian practice in uranium recovery plants, Can. Min. J. (June 1956).

DEPT MINES AND TECHNICAL SURVEYS, Canada, Development of the Port Radium Leaching Process,
Tech, paper 13 (1955) .

EHRLICH, R.P., "Uranium mills in the Blind River area”, Uranium Ore Processing, (CLEGG, J.W.,
FOLEY, D., Eds) Adison Wesley Publishing Corp. (1958).

THUNAES, A., “Development of the Beaverlodge Mill", Uranium Ore Processing, (CLEGG, J. W.,
FOLEY, D., Eds) Adison Wesley Publishing Corp. (1958) 306-23.

SMITH, H.W., BULL, W.R., Uranium ore research, Can. Min. J. (June 1956).

ROACH, A.G., ANDERSON, A.C., EHRLICH, R.P., “Conversion to ore pebble grinding”, Presented
at Int. Mineral Processing Congr., New York, 23 Sep. 1964.

COLBORNE, G.F., ALLEN, A.R., THUNAES, A., Controlling serious corrosion pitting of process
tanks, Corrosion 17 12 (1961) 20-24.

BETTENS, A.H., LAPOINTE, C.M., Electronic Sorting of Low-grade Ores, Dept Mines and
Technical Surveys, Canada, Tech. paper 10 (1955).

COLBORNE, G.F., Electronic sorting at Beaverlodge, Can. Min., metall. Bull. (Aug. 1963).

ROBB, N., OPRATKO, V., PRICE, L.S., Milliken's two stage sulphuric acid leaching process

for uranium, Can. Inst. Min. Metall. Bull. 56 (June 1963) 614.

TREMBLAY, R., BRAMWELL, P., Eldorado’s solvent extraction plant at Port Radium NWT, Trans.
Can. Inst. Min. Metall. LXII(1959) 44-53.

THUNAES, A., COLBORNE, G.F., "Auxiliary processes in the Beaverlodge uranium leaching plant”,
Presented at A.I.M.E. meeting, Dallas, Texas, 1963.

MacGREGOR, R.A., "Recovery of UzOg by underground leaching at Stanrock Uranium Mines Ltd.”™,
Presented at Can. Inst. Min. Metall. meeting, Montreal, Quebec, 13-15 Apr. 1964.

VERMEULEN, L.W., Recovery of thorium from uranium solutions, J. Metals (Jan 1966) .
HONEYWELL, W.R., KAIMAN, S., Flotation of uranium from Lake Elliot ores, Trans. Can.

Inst. Min. Metall. LXIX (1966) 99-107.

HONEYWELL, W.R‘._,—EARRISON. V.F., Two stage flotation treatment of uranium ore from

Faraday Uranium Mines Ltd., Trans. Can. Inst. Min. Metall. LXVI(1963) 280-84.

LILGE, E.O., Hydroclone fundamentals, Trans. Instn Min, Metall. 71 6(1961-62).

WYMAN, R.A., STONE, W.J.D., HARTMAN, H.F., Illustrative Application of the Jones Wet
Magnetic Separator, Dept Mines and Technical Surveys, Canada, Tech. Bull. 36 (1962).

VISMAN, J., Bulk processing of fine materials by compound water cyclones, Can. Inst. Min. Metall.
Bull. (Mar. 1966).

STONE, W.J.D., "Effect of variable adjustments on separation in Jones Magnetic Separator”
A.I.M.E. preprint 638303.

HARRISON, V.F., GOW, W.A., IVARSON, K.C., Leaching of uranium from Elliot Lake ore in the
presence of bacteria, Can, Min. J, 87 (1966) 64-67.

LACHANCE, G.R., Gas Phase Chlorination of Beaverlodge Ores using Carbon Tetrachloride,
Eldorado Mining and Refining Ltd., rep. T60-24.



STATUS REPORT FROM CZECHOSLOVAKIA

V. CIVIN AND M. BELSKY
RESEARCH AND DEVELOPMENT LABORATORY No.3

OF THE URANIUM INDUSTRY,
PRAGUE,
CZECHOSLOVAKIA

INTRODUCTION

The present paper deals with the fundamental problems and the main
routes followed in processing low-grade uranium ores in CSSR. In this
connection it may be useful to discuss the definition of low-grade ore.

In our country this term is applied to uraniferous material with a
very low content of uranium (of the order of 0.01%) whose treatment
causes no particular difficulty. However, the same term is also used
to designate those materials whose processibility lies on the verge of
economic profitability. In our view, this classification of an ore using
two independent criteria (i.e. uranium content and processing economy)
is useful from the standpoint of technology. The treatment of both such
ore types is as a rule carried out by specific technological processes.

Consequently, low-grade uranium ores can be divided into two groups:
(1) Ores with a low uranium content. To this category belong in our

country uraniferous materials which originate as a by-product of

technological processes used in processing other materials. This

is primarily gangue and tailings of various physical or physico-chemical

pretreatment operations to which the ore is subjected at the mining

site. Mention should be made in this connection of mine waters,
which represent a useful complementary source of uranium despite
their low uranium content (of the order of milligrams per litre).

(2) Ores whose economical treatment is problematic. To this category
belong deposits of conventional ore types with a uranium content on the
limit of profitable treatment. Also, those deposits containing
atypical materials possessing such properties which impair the
economy of their treatment. This includes ores with a considerable
amount of components which are difficult to separate and which at the
same time consume the leaching agents. Finally, it covers uranium-
bearing materials in refractory forms which are difficult to dissolve
and also some special materials, such as lignites, uranium-bearing
shales, loams, etc. The profitable treatment of these and similar
materials usually requires a considerably higher uranium content,
or isolation of additional valuable by-products.

A SHORT SUMMARY PRESENTING THE EXPERIENCE GAINED IN
PROCESSING LOW-GRADE ORES OF THE FIRST CATEGORY

Materials belonging to both categories occur in our country and this
paper deals with the processing of ores belonging to the first category,

since our knowledge of the materials belonging to the second one is

15
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limited to the sedimentary deposits in tertiary formations which form the
subject of our second paper (see section II).

On the industrial scale, the following materials are processed at
present: tailings from radiometric concentration; tailing ponds from
gravitational concentration; and mine waters.

RISE OF DEPRESSION LEVEL
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FIG.1. Diagram of seepage and water withdrawal from the tailings pond:
1, 2 etc. individual shafts for seepage water.

Tailings from Radiometric Concentration

Heap leaching with sprayed sodium carbonate solution is used with
subsequent sorption of uranium on strongly basic resins, chloride elution
and other conventional operations which are carried out in existing hydro-
metallurgical installations. The need for good filtration of the material
sometimes requires de-sliming before further treatment. This can be
done economically only in some cases. The technological procedure is
usually performed directly at the mining sites. In the processing of
tailings, less than 30 mm with uranium content of 0.02 to 0.03%, yields
of 40 to 50% were obtained after leaching periods of 3 to 6 months.
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Tailing Ponds from Graviational Concentration

Deposits of tailings from the gravitational concentration plant for -
carbonate ore containing pitchblende are being processed as follows:
the seepage waters from the pond dam (see Fig. 1) containing originally
about 5 mg U/litre enriched on filtering through the dam body to approxi-
mately 15 mg U/litre. It should be stressed that this enrichment occurs
at pH values of approximately 7, i.e. without the addition of leaching
agents. An analysis of this effect indicates that this kind of leaching
has far more in common with geochemical reactions than with the
dissolution of uranium from uranium-bearing ores as normally envisaged.
The seepage waters are drained by a collecting system running along the
dam and pumped from a basin to a sorption unit with a strongly basic
resin.

To extract also the metal from the part of the dam lying above the
depression line proper, the dam top is sprayed. Proper precautions
are taken against the possible weakening of the dam by the rise in the
depression level. Preliminary data indicate that the daily production of
uranium is equal to about 0.1% of the total uranium contained in the dam
material.

Mine waters

Mine waters from the operating mines containing 2-5 mg U/litre
are processed. At the mining site, only the sorption unit is operated,
the resin being regenerated in a plant serving these stations. On
regeneration, the resin is again transported to the site and recharged.
The sorption units are in continuous operation.

These operations are highly economical. Uranium is produced at
30 to 50% of the costs necessary for the treatment of the normal so-called
rich ores. Moreover, these costs should not be considered as final and
their gradual lowering can be expected.

OUTLINE OF THE PROGRAMME FOR LOW~-GRADE ORE PROCESSING
IN 1966-1970

The chief aims for this period are as follows:

(1) To investigate various combinations of physical and physico-
chemical methods for ore pretreatment with processes of extractive
uranium metallurgy from various intermediate products and tailings. In
this connection, the existing methods for thickening and liquid-solid
separation, as well as for the separation of individual ore components,
should be improved or new and original technical solutions found. This
applies to conventional ores as well as to uranium-bearing materials
containing coal and loam, which are dealt with in our second paper, in
section II. v

(2) To extend the present knowledge of the technologically and eco-
nomically important properties of the main Czechoslovak ores. In
addition, the processestaking place during individual operations of particular
importance should be studied and the existing equipment designs improved.
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For the analysis of the various alternatives, mathematical methods and
methods of mathematical statistics for optimalization will be applied as
fully as possible.

(3) To design, build and test a mobile ion exchange unit of the
building set type. This should be done in two alternative forms, the first
destined for sites adjacent to a hydro-metallurgical plant, the second for
more distant sites. In the first case, simple units without resin regene-
ration will be used. The columns with the spent resin will be substituted
by columns with regenerated resin. The resin will be then processed in
the nearest hydro-metallurgical plant. In the other case, the basic ion
exchange resin in the columns will be regenerated by a sodium chloride
solution. The diuranate concentrate will then be precipitated and filtered.

These units will be used to process waters from flooded unused
mines as well as from operating mines, and for the processing of leaching
solutions from heap leaching at the gangue depots and tailing ponds

RAPPORT SUR L'ETAT D'AVANCEMENT
DES TRAVAUX EN FRANCE

P. SUGIER
DIRECTION DES PRODUCTIONS, CEA,
CHATILLON-SUR-BAGNEUX, FRANCE

Les minerais d'uranium traités dans les usines de concentration en
France proviennent de districts uraniferes appartenant aux massifs
hercyniens essentiellement granitiques. Leurs teneurs en uranium sont
relativement faibles, comprises pour la plupart entre 0, 9 et 2%,. Les
gisements se présentent sous forme de filons et d'amas ou stockwerks.

Les districts uraniferes actuellement exploités par le Commissariat
a l'énergie atomique sont situés au Forez, a la Crouzille dans le Nord
Limousin et en Vendée; ils sont situés dans 1'une et 1'autre branche de
1'édifice hercynien du massif central frangais.

Les minéralisations de ces gites comprennent, en particulier:

a) de la pechblende et des sulfures de fer, parmi lesquels l'asso-

ciation pyrite-marcassite est constante dans la calcédoine;

b) de la fluorine;

¢) parfois du quartz du type enfumé et des sulfures: pyrite, galene,

chalcopyrite, blende, ces derniers en tres petite quantité.

La minéralisation uranifere se répartit en deux classes:

a) uranium sous forme tétravalente, pechblende;

b) uranium sous forme hexavalente, comme 1'autunite, la chalcolite

et les gummites.

Les minerais d'uranium m#fs en exploitation en France étaient traités
en 1953 dans la seule usine existante a cette époque, a 1'usine du Bouchet

9%
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située dans la région parisienne, c'est-a-dire & environ 400 km des
centres miniers.

I1 était nécessaire, comme pour les minerais des métaux non
ferreux, de procéder sur place a un enrichissement par voie physique.
Mais, contrairement & ce qui se passe habituellement dans la métallurgie
des métaux non ferreux, il n'était pas possible et il n'est encore pas
possible de concentrer les minerais d'uranium exploités en France
intégralement par voie physique sans consentir une perte en métal im-
portante; d'autre part, les taux de concentration obtenus restent faibles.

La nécessité de produire de 1'uranium en 1953 et 1'espoir de retraiter
ultérieurement les pseudos stériles faisaient qu'a cette époque cette perte
n'était pas un obstacle a l'application de ce procédé, le but essentiel de
1'opération étant de produire un préconcentré pouvant &tre traité a 1'usine
du Bouchet par la méthode d'attaque nitrique, complexion au carbonate de
soude et décomplexion sulfurique.

Les besoins immédiats en uranium étant satisfaits, il devint néces-
saire de mettre au point des procédés par voie chimique pour extraire le
" métal sur place a partir de ces minerais, avec un rendement élevé, le
transformant en un nouveau composé encore impur mais cependant
suffisamment concentré pour pouvoir supporter les frais de transport
jusqu'a l'usine de raffinage.

Ces études ont été réalisées par les équipes de chercheurs du Dé-
partement de chimie et de la Direction des productions du Commissariat
a 1'énergie atomique, cel'es de la Société de potasse et engrais chimiques
et, enfin, par les etablissements Kuhlmann,

Ces derniers, comme nous le verrons au cours de la description des
installations industrielles, ont réalisé en particulier les études qui ont
abouti a la construction des usines de la Société industrielle des minerais
de l'ouest en Vendée, a la Crouzille et au Forez.

Si économiquement la concentration intégrale par voie physique n'a
pas pu étre appliquée, les chercheurs du Commissariat a 1'énergie
atomique ont mis au point des méthodes de préconcentration physique qui
ont permis, avec de faibles dépenses et un excellent rendement, d'éliminer
des stériles du tout-venant a traiter, donc de réduire le tonnage de
minerai devant subir les opérations codteuses de broyage et d'attaque
sulfurique.

Deux voies ont été explorées: la séparation granulométrique d'une
part, le triage radiométrique d'autre part.

Certains minerais présentent la particularité d'avoir des teneurs en
uranium nettement plus élevées dans les produits fins que dans les gros.
Une simple opération de criblage permet d'éliminer les grosses granulo—
métries stériles. En 1954, une installation pilote de préconcentration
basée sur ce principe avait été réalisée & Bauzot et avait donné des
résultats intéressants.

Les teneurs en U des gros éliminés restaient cependant relativement
trop élevées, par suite de la présence de fines particules riches en
uranium les enrobant et la présence de quelques gros morceaux
minéralisés, Cette installation fut arrétée apres épuisement du gisement.

Par la suite, le Commissariat & 1'énergie atomique a mis au point
un procédé de triage radiométrique en continu sur bande en fonction de la
radioactivité, qui est en réalité une amélioration du procédé précédent,

En effet, pour éviter toute interférence des fines riches en uranium
enrobant le minerai, on procede d'abord & un lavage sur le crible de
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séparation granulométrique et par conséquent on récupéere cet uranium;
pour éviter les pertes dues aux grains minéralisés, ils sont classés en
continu sur la bande en fonction de leur activité spécifique.

Une installation basée sur ce principe, que nous décrirons au cours
de cet exposé, a été montée dans 1'atelier de préparation des minerais
de la Division de la Crouzille et donne d'excellents résultats. En France,
c'est la seule méthode de préconcentration physique utilisée au niveau des
usines de traitement.

Actuellement, les minerais frangais provenant des exploitations du
Commissariat et ceux provenant des exploitants privés apres concassage
ou concassage et broyage ou concassage et triage radiométrique dans les
ateliers de préparation du Commissariat, sont concentrés dans les trois
usines de Bessines, sur la division de la Crouzille, de 1'Ecarpiere sur
la division de Vendée et du Forez sur la division du Forez.

Les deux premitres usines appartiennent & la Société Industrielle
des Minerais de 1'Ouest (SIMO) qui est une société anonyme a capitaux
du Commissariat a 1'énergie atomique, de la Caisse des dépdts et con-
signations et des Etablissements Kuhlmann,

Les procédés utilisés par la SIMO ont été mis au point en laboratoire
et en atelier pilote par les Etablissements Kuhlmann en liaison avec le
Commissariat a 1'énergie atomique. Les Etablissements Kuhlmann ont
également été chargés de la réalisation de ces usines,

La troisieme usine, celle du Forez, a été également construite par
les Etablissements Kuhlmann; elle appartient au Commissariat a 1'énergie
atomique et est gérée par la SIMO,

A ces usines de traitement des minerais métropolitains s'ajoutent
1'usine de Gueugnon du Commissariat, qui retraite les préconcentrés
chimiques uraniferes produits & Mounana (Gabon) par la Compagnie des
mines d'uranium de Franceville, et 1'usine d'uranothorianite du Bouchet,
qui traite les concentrés physiques d'uranothorianite importés de
Madagascar, i

Nous ne décrirons, dans cet exposé, que les trois usines de traitement
des minerais frangais: celles de 1'Ecarpiere, de Bessines et du Forez dont
la situation géographique est indiquée sur la figure 1.

Les dates de démarrage et les capacités nominales de ces usines sont
données dans le tableau suivant:

Dates de Capacite
demarrage Minerai en T Uranium en T
Ecarpiere Mars 1957 300000 300
Bessines Juillet 1958 600000 900
Forez 1960 180000 330
Capacité totale 1080000 1530

Ces trois usines, comme nous l'avons indiqué ci-dessus, sont ali-
mentées en minerais a partir d'ateliers de préparation exploités par le
Commissariat.
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FIG.1. L'uranium en France.

L'usine de 1'Ecarpiere est alimentée en minerai simplement concassé
a 70 mm. '

L'usine de Bessines regoit du minerai concassé & 70 mm et une pulpe
de granulométrie inférieure a 0,8 mm. Cette pulpe provient du débour-
bage indispensable du minerai avant passage de celui-ci sur les cribles
et sur les bandes de triage radiométrique.

L'atelier de triage radiométrique (figure 2) s'inscrit dans 1'atelier
de préparation des minerais et comprend principalement deux bandes
transporteuses d'un débit moyen de 50 t/h. Ces bandes regoivent le
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minerai & granulométrie supérieure & 50 mm sur lequel s'effectue .
1'opération de triage.

En moyenne, le triage radiométrique permet d'éliminer 16 & 20% du
poids de minerai entrant a l'atelier de préparation. La teneur moyenne
des stériles ainsi éliminés est de 0, 10%0 en uranium et le rendement
meétal de 1'opération est de 99 a 99, 5%, A

SCHEMA SYNOPTIQUE DU TRIAGE RADIOMETRIQUE

BANDE DE TRIAGE INSTALLATION DE CONTROLE DES REIJETS
ofoinsn EHOE
A AV < A A ALARME

| S L

= CM REJETS
STERILES

Légende
D Détecteur 1 Intégrateur EV Electro Vaive
MF Mise en Force M Mémoire retard CD  Controle Dépassements R JL

ER Enregistreur P Peseursynerco V. Vérin

FIG. 2. Atelier de préparation des minerais de Bessines.

L'usine du Forez est alimentée en minerai broyé a 450 um par
1'atelier de préparation du Commissariat.

Dans les trois usines exploitées par la SIMO, l'attaque des
minerais s'effectue a chaud par I'acide sulfurique avec oxydation par le
chlorate de soude. Les figures 3, 4 et 5 montrent les grandes lignes des
procédés utilisés a 1'Ecarpiere, Bessines et au Forez.

A 1'Ecarpiere comme au Forez, 1'attaque de la totalité du minerai se
réalise dans un seul circuit; a Bessines, deux circuits d'attaque sont
utilisés.

Les fines inférieures 2 150 um sont, comme & 1'Ecarpiere et au
Forez, attaquées dans des cuves agitées et chauffées. Les sables de
granulométrie comprise entre 150 um et 1 mm sont attaqués dans des
tambours tournants.

La séparation sables et fines s'effectue dans un hydroclasseur et un
classificateur installés sur le circuit fermé du broyeur a barres. Gréce
4 cette méthode, on obtient des solutions relativement concentrées en
uranium provenant du circuit des tambours tournants et des solutions rela-
tivement pauvres provenant du circuit des fines lixiviées en cuves
caoutchoutées.

1.es deux usines de 1'Ecarpiere et de Bessines procedent au lavage des
stériles par contre-courant dans des épaississeurs classiques pour les
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fines et & contre-courant dans des classificateurs de drainage pour les
sables. A l'usine du Forez, le lavage des stériles est effectué sur filtre
3 tambour & deux étages.

Minerai

BROYAGE (2 lignes)

Débourbeur Concasseur

Broyeur 3 barres
1

Crible

Classificated

Deécarjteur

Broyeur a boulets

ATTAQ| E @ hgnes
LAVAGE (2 lignes)

Eau
1 Cuves d°attaques

La-age Sables

RESINES

FlLTRATloN (2 batteries de
4cojannes chacune
fau D
‘ r Eluant
_‘?_v/

Lavage fines

Chaux
Stariles Catcaire

J

NEUTRALISATION
PRECIPITATION

(1"temps) — Chaux

Eultre

Précipitef calcique

(2¢™ temps)

Uranale

Tapis sécheur

Stériles

Expeédition

FIG.3. Schéma général de traitement des minerais 2 l'usine de I'Ecarpi&re.

Le traitement des liqueurs de lixiviation s'effectue a 1'Ecarpiere et a
Bessines sur résines échangeuses d'ions avec élution chlorure de sodium
et acide sulfurique et précipitation de l'uranium contenu dans les liqueurs
d'élution par de la magnésie.

Avant précipitation par la magnésie, on procede & une précipitation
par la chaux jusqu'a pH 3 afin de réduire 1'acidité et d'éliminer les
impuretés. Le giteau calcique ainsi obtenu qui contient un peu d'uranium
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est recyclé dans les cuves d'attaque.

SUGIER

L'uranate de magnésie obtenu est

filtré sur filtre & tambour, séché et expédié vers les usines de raffinage.

La teneur moyenne en U% est de 68 a
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FIG.4. Schéma général de traitement des minerais 2 I'usine de Bessines.

De plus, & Bessines un atelier de purification par solvants aminés

est installé mais il est actuellement

inemployé.

A l'usine de Forez, le procédé de traitement des liqueurs sulfuriques
est un procede original frangais qui permet d'obtenir comme concentré
final tres pur du nitrate d'uranyle en solution titrant 400 g d'uranium par

litre.
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Comme 1'indique le schéma 5, il consiste essentiellement en une
précipitation & la chaux des liqueurs d'attaque en deux temps: un premier
-temps & pH 2,5 & 3 pour éliminer le fer et 1'acidité excédentaire, un
deuxieme temps & pH 6 & 7 pour obtenir un uranate de chaux impur a 18
ou 25% d'uranium.

STOCKAGE ET FILTRATION

Minerai ATTAQUE LAVAGE

e
o\
@ :c\oa

4 Filtres

Décanteur

v
Cuves er

4 Filtres

1#¢« PRECIPITATION

Décanteur

Précipité calcique
Solution d'uranium 2‘""PREC|P|TAT|ON

Chaux

CALCINATION

Uranate

Décanteur

Séchoir

Nitrate de
Chaux

REPRISE NITRIQUE

Fiftre

Sotution riche

Vapeur d’uranium

EXTRACTION PAR SOLVANT

T.8.P
Eau
Nitrate d'Uranyle
Vapeur
Nitrate Rl
Steriles
Chaux L

Expédition

FIG. 5. Schéma général de traitement des minerais 2 1'usine du Forez.

Cet uranate, apres séchage, est repris par de l'acide sulfurique et
une solution de nitrate de chaux afin de faire passer 1'uranium en solution
sous forme de sulfate d'uranyle d'abord, puis sous forme de nitrate
d'uranyle, ce qui permet apres filtration de 1'insoluble constitué en

majeure partie par du sulfate de chaux, de traiter les solutions uraniferes
sur TBP.
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L'uranium fixé sur TBP est réextrait par de 1'eau déminéralisée et
la liqueur de nitrate d'uranyle obtenue titrant 90 a 100 g d'U/1 est
concentrée par évaporation jusqu'a 400 g d'U/1l. Ce nitrate d'uranyle est
ensuite chargé dans des conteneurs et expédié vers les usines de raffinage.

Les liqueurs désuraniées apres passage sur TBP qui contiennent du
nitrate de chaux et des impuretés sont traitées par de la chaux pour éli-
miner les hydroxydes de fer et d'alumine, puis, apres filtration, concen~
trées par évaporation afin de réintroduire dans le circuit de reprise de
1'uranate de chaux le nitrate de chaux necessaire a la transformation du
sulfate d'uranyle en nitrate d'uranyle.

Les trois usines que nous venons de décrire marchent régulierement
depuis leur mise en service avec d'excellents résultats économiques et
techniques. Les rendements globaux sont a peu pres identiques et varient
entre 95 et 96%. Le but qui avait été primitivement fixé a été atteint, mais
n'y a-t~il plus de progres possibles?

En dehors bien sur des améliorations de détail dans les procédés
actuellement utilisés, améliorations qui ne sont pas spectaculaires mais
qui sont constantes dans la vie de nos usines et qui ont permis et per-
mettront encore de réduire les prix de revient et, dans tous les cas, de
compenser les hausses normales des prix des matieres premieres et de
la main d'ceuvre, trois voies prometteuses sont a notre avis encore
ouvertes aux chercheurs:

- La premiere est celle de la préconcentration physique et méme encore
celle de la concentration physique. Les chercheurs du Commissariat
a l'énergie atomique poursuivent les études dans ce domaine qui, en
réalité, n'a jamais été abandonné par nos laboratoires.

- La deuxieme voie ou des économies certaines pourraient étre réalisées
est la mise au point de procédés fournissant, a partir des concentrés
actuels ou avant précipitation de ces concentrés et afin d'éviter une
nouvelle phase de purification dans les usines métallurgiques, des
composés d'uranium d'une grande pureté., On a essayé aussi des
procédés de fabrication conduisant par exemple au tétrafluorure
d'uranium ou a 1'oxyde pouvant &tre produit directement avec de faibles
dépenses supplémentaires dans les usines de concentration, Les équipes
de chercheurs de la SIMO étudient ces problemes dont la solution peut
présenter, comme nous 1'avons dit, un intérét économique important.

- La troisieme voie est celle qui consiste & la mise au point des méthodes
de traitement par lixiviation naturelle, soit des minerais en tas, déja
largement utilisée dans certains pays, soit des minerais in situ. Ces
méthodes de traitement font 1'objet en France d'études d'applications au
stade semi-industriel. Elles peuvent permettre de récupérer a un prix
raisonnable 1'uranium contenu dans les minerais inframarginaux qui ne
pourraient pas &tre traités économiquement en usine et peuvent égale-
ment étre utilisées pour le traitement de minerais a faible teneur
produits dans des petits gisements trop éloignés d'une usine existante.

On poursuit également, dans les sieges miniers du Commissariat, la
mise au point des méthodes de lixiviation des minerais in situ, par
arrosage avec des solutions acides de panneaux non exploitables par les
méthodes classiques. Elles permettent, dans certains cas, la récupé-
ration de tonnages appréciables d'uranium.

Nous noterons en particulier a ce sujet les résultats obtenus dans
un de nos sieges ou gréce a une sélection des eaux de drainage des
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travaux miniers naturellement minéralisées et a l'arrosage acide 3de
certains panneaux déja exploités, nous arrivons a récupérer 30 m /h en-
viron d'eaux titrant en moyenne 100 g d'U/m?, soit 202 24 t d'U/an.

STATUS REPORT FROM INDIA

S. FAREEDUDDIN
ATOMIC ENERGY ESTABLISHMENT TROMBAY,
BOMBAY, INDIA

The Energy Survey Committee of India, in its report to the Govern-
ment, has estimated that the energy requirements in the year 1985/86
would be 290X 10% kWh, i.e. eight times the present requirement, and
in the year 2000 it would be 820X 10?2 kWh, which is about 22 times
the present requirement. The hydropotential that can be developed during
the next 20 years is estimated to be of the order of 150X 10° kWh and
hence the difference of about 140X10% kWh will have to be obtained from
either fossil or nuclear fuel. This would mean installating a generation
capacity of about 26 000 MW in the next 20 years. To conserve the limited
fossil fuel reserves, it has been estimated that about 70% of this capacity,
i.e. about 18000 MW, should form the nuclear component. This will be
about 25% of the total energy requirements by 1985/86. The uranium
requirements to meet this growth will be about 10 000 tonnes by 1985/86
which, from the point of view of our, resources, is a substantial quantity.

The most important uranium deposits are located in South Bihar in
the Singhbhum Thrust belt, which is well known for its copper, apatite
magnetite and kyanite deposits. On the basis of their uranium contents,
these ores can be classified into two broad categories — one with low
copper and high uranium contents and the other with high copper and low
uranium contents. Another source of uranium in India is monazite. Some
particulars about these deposits are given in Table I.

Facilities for the recovery of byproduct uranium from monazite
already exist in the country. But its production from this source, con-
ditioned as it is by the limited demand for thorium, cannot be very large.

Both the categories of the ores from the Singhbhum belt can be con-
sidered as low grade. Uranium from the ores in category (B) can be
recovered, in the present state of knowledge, only as a byproduct of the
copper industry.

In the case of ores in the category (A), attempts have been made to
recover uranium from the ore deposits at Jadugoda, assaying 0.06-0.07%
U30g, first on the laboratory and then on a pilot plant scale. Based on
this work, a mill, capable of treating 1000 tonnes of ore per day, is being
set up at Jadugoda and is expected to go into production during 1966. It
is hoped that the operation of this mill will provide an impetus and ex-
pericence towards concerted and determined efforts to develop methods
which will cut down costs of treating ores from the thrust belt. A brief
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TABLE I. SOURCES OF URANIUM

Proved and
Location Typical analysis inferred
(%) reserves
. (t U304)
Singhbhum Thrust Belt,
Bihar - Jadugoda.
Narwapahar and Bhatin.
(A) low copper content U0, 0.04-0.08
CuO , 0.05-0.07
NiO, 0.20-0.30 16 000
(B) high copper content U,0;, 0.01-0.03
CuQO, 1.00-2.00
NiO, 0.10-0.20 17000
South Western Coast and U‘?O8 , 0.25-0.35
Ranchi plateau in ThO,, 8.50-9.50 15000
Bihar-monazite deposits
Total U;0p reserves 48000

TABLE II. JADUGODA ORE ANALYSIS

%o
U404 0.07
Sio, 66
Fe 0, 17.8
NiO 0.25
Cu0 0.01
ca0 1.4
MgO 1.9
P,0 1
s 0.3

outline of the work done on Jadugoda ore and the process that was finally
selected is given below.

The process chosen is a conventional one with acid leaching of ground
ore, followed by two stages of filtration, ion exchange in fixed beds with
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elution by salt solution and recovery by magnesia in a two—stage precipi-
tation system. Chemical analysis of a typical Jadugoda ore sample is
given in Table II.

In the early stages considerable difficulty was encountered with the
ore in acid leaching, Maximum recovery of uranium (90-95%) was obtained
only with an acid consumption of about 90 kg sulphuric acid per tonne of
ore, About 7 kg of manganese dioxide was used for oxidation. The
resultant leach liquor containedupto10g/litre of P05 and 70 g/litre of
sulphate and the pH was less than 1.0. The acid requirement alone meant
an expenditure of about $4.0 per tonne of ore. Several methods were
tried, therefore, to bring down acid consumption and produce a leach
liquor which could be used directly for ion exchange, without partial
neutralization. These methods were: (i) a two-stage leach process,
where the strong leach solution containing the dissolved uranium and un-
used reagents was advanced to the neutralizing stage of leaching; and (ii)
leaching with addition of ferric salt. In both the methods, reduction in
acid consumption was not appreciable, However, after undertaking a
detailed study of the leaching behaviour of apatite, it was apparent that its
dissolution in sulphuric acid was dependent not only on the acid concen-
tration, but also on the concentration of ferric ions and the temperature
used for leaching. For a given concentration of ferric ion (in the range
1-5 g/litre) and pH (in the range 1.4-2.0), a higher temperature was
more favourable for preventing apatite dissolution. This fact greatly
helped us in fixing the final conditions of leaching, which are given below.

The ground ore {(about 55%-200 mesh (B.S.S.) is leached at 60%
solids and 1,5-1,6 pH at 45-50°C. After about one hour ground pyrolusite,
4.5-5.0 kg/ton, is added for oxidation and the leaching continued for four
hours. At the end of this period acid addition is stopped and pH allowed
to rise to about 1, 8 over a period of 7 to 8 hours. During this stage some
ferric phosphate is precipitated. Under these conditions the acid con-
sumption is about 25 kg per tonne of ore, which is equivalent to $1.10
per tonne of ore, and about 90 to 95% of the uranium is leached. The
dissolution of apatite, iron and other impurities is very much reduced.

The leach liquor obtained thus has a pH of 1.8, an emf of -450 mV
and the following composition:

U;0Og4 0.6 g/litre
Fe (total) 3.5 g/litre
Si0, 1-1.5 g/litre
S04 25 g/litre
P;0Os5 0.5 g/litre
Mn** 3-3.5 g/litre

This liquor can be used directly for uranium recovery by ion exchange.
Considerable work has also been done on a laboratory scale in the

recovery of uranium from ores falling into category (B). One of the

sources of uranium in this category is the tailings of the Indian Copper

Corporation (ICC) Plant, which is situated at a distance of about 12 km east

of Jadugoda. About 1300 tonnes of tailings, assaying about 0.011% U3Og,

are discarded every day. In spite of several favourable factors such as

no cost on exploration, mining, crushing and grinding, we have not been

able to develop a method which will enable us to recover uranium from

this source in $5-10 per 1b U304 range.
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Efforts to upgrade this material by physical beneficiation techniques
did not yield the desired results. Studies were then conducted using
extractive metallurgical techniques and some of the results obtained are
summarized below. .

Studies in uranium leaching from these tailings showed that about
80% of uranium could be recovered using 25 kg H,SO, and 4 kg MnO,
per tonne at 55°C in about 4 hours time. The composition of a typical
leach solution is as follows:

Constituent Conce'ntratlon

(g/litre)

U304 0.102

Fett 2,4

Fe+++ 1. 8

P50g 0.3

SO4 24.5

SiOg 2.0

5,04 14.0

A saturation loading of 31 g U30g per litre of wet settled resin was ob-
tained with the above solution.

To reduce processing costs, studies on percolation leaching methods
have been undertaken. The work is in progress and a few of the main
observations are as follows. Due to fine grind the percolation rate is
rather poor and requires 48 hours for one solution displacement for a
stack of 2.5 metre height. The rate is likely to reduce further when
we think of large-scale operations. The above rates were obtained with
columns up to 30 cm diam. In this method the acid consumption is re-
duced by about 5 kg per tonne of ore; however, the recovery of uranium is
also reduced by about 5%. Detailed cost calculations and some large-
scale work which is now being undertaken will prove whether or not the
percolation leaching method would be more advantageous than the con-
ventional method of leaching. Preliminary calculations have shown that
uranium from these tailings can be recovered in the range of $15-20
per pound U30g.

During preliminary studies on percolation leaching it was noted that
when tap water was allowed to percolate through a three-year old and a
one-year old sample of tailings, about 80% and 63% of uranium was
leached out from the two samples respectively. The leaching was mainly
due to the breaking down of the sulphides present in the tailings with the
generation of sulphuric acid and ferric sulphate, both beneficial for
uranium leaching. It was, however, found that from a fresh sample of
the tailings practically no uranium could be leached by water percolation,
The breaking down of the sulphides could be due to the action of bacteria,
To accelerate the process of sulphides decomposition some preliminary
work on bacterial leaching has been started.

Extensive deposits of this category of ore are available in and around
Jadugoda. A copper plant with a capacity of about 5000 tonnes ore per
day is likely to be set up within the next 5 years in the region. The tailings
of this plant are expected to behave in a manner similar-to theICC tailings
and as such any improvement in the process now achieved will have a
significant bearing on our future plans.
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The other direction in which we have put in some effort is that of
physical beneficiation. A large number of ore samples have been tried
on laboratory scale using gravity method (wet tabling) and flotation. In
some cases good results have been obtained. Recent tests on Jadugoda
ore by flotation, using an amine (Primene T) and petroleum sulphonate,
have shown an enrichment ratio of 2.0 with an overall uranium recovery
of about 95%. While detailed cost calculations and other implications on
the design of the mill have not been ascertained, prima facie the results
obtained seem to be encouraging and worth detailed investigation.

RAPPORT SUR L'ETAT D'AVANCEMENT
DES TRAVAUX AU PORTUGAL

H. CARREIRA PICH

JONTA DE ENERGIA NUCLEAR,

LABORATORIO DE FISICA E ENGENHARIA NUCLEARES,
SACAVEM, PORTUGAL

Les principales études effectuées jusqu'a maintenant au Portugal ont
eu pour but la mise au point de deux types de traitement des minerais
d'uranium:

- Lixiviation classique par agitation du minerai finement broyé dans une
solution sulfurique;

- Lixiviation du type «heap leaching» dans laquelle le minerai, a peine
concassé, est entassé puis arrosé avec une solution sulfurique.

Des essais de lixiviation classique ont été effectués avec les
échantillons de minerais portugais dont on disposait. Le plus souvent,
la dissolution de 1'uranium est facile et la consommation d'acide faible.

Les efforts ont été orientés dans le sens d'une lixiviation du type
«heap leaching». Au Portugal, le procédé a été utilisé a 1'échelle pilote;
il a été décrit en détail dans une communication présentée a la troisieme
Conférence internationale sur 1'Utilisation de 1'énergie atomique i des fins
pacifiques (Geneve, 1964).

L'objectif poursuivi était le traitement économique du minerai a
proximité des petits gisements, ce qui permet d'éviter les frais de
transport. Les résultats de 1'étude des aspects économiques et techniques
et ceux des essais effectués en laboratoire ont conduit au choix du procedé
dont le schéma est donné au tableau I.

Le minerai, entassé a c6té de la mine, est arrosé avec une solution
d'acide sulfurique a 5% environ, puis avec de l'eau. Sur les autres tas de
minerai on recycle les liqueurs encore acides provenant des traitements
antérieurs. On arrive ainsi & réduire la consommation de réactifs.

Avec le procédé indiqué et dans le cas d'un minerai bien étudié en
laboratoire, la durée du cycle total de traitement, y compris la charge
et la décharge des tas, est de 14 j et le rendement d'extraction de 1'uranium
de I'ordre de 80%.
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TABLEAU I. PROCEDE DE TRAITEMENT DU MINERAI
D'URANIUM

Minerai
Broyage jusqu'a 1/2 pouce

Arrosage avec une solution sulfurique

l

Arrosage avec de 1°eau

I

Liqueur

Ajustage du pH

Echange d'ions

Précipitation ‘
| .
Uranate

|

Séchage

L'installation a une capacité d'environ 15t de U3Og par an. L'équipe-
ment est aisément transportable d'une mine a 1'autre.

Ce procédé présente 1'avantage d'étre rapide et de n'exiger qu'un
équipement réduit, car il permet d'éliminer les opérations les plus
volumineuses inhérentes aux installations classiques de traitement
chimique, telles que le broyage fin, la lixiviation classique et la séparation
solide-liquide, Néanmoins, le rendement d'extraction de 1'uranium est
inférieur a celui du procédé classique; on croit qu'il convient particuliere-
ment aux minerais secondaires, lorsque le minéral est bien exposé mais
la teneur en argile faible. L‘application économique de ce procédé aux
minerais pauvres est conditionnée surtout par la consommation d'acide
sulfurique et les frais de charge et de décharge des tas,

Dans les cas ou les minerais présentent une tendance a l'imperméa—
bilisation, divers procédés ont été essayés:

- Meélange avec d'autres minerais.

- Séparation préalable des fines et leur traitement dans des installations
classiques., Dans de nombreux cas les fines sont plus riches en
uranium que les gros du minerai. Au laboratoire on est arrivé & des
résultats tres intéressants sur ce procédé. On n'a pas encore eu la
possibilité de faire des essais a 1'échelle pilote dans des conditions
convenables. i

- Immersion du minerai en solution sulfurique avec introduction de la
liqueur par la partie inférieure des bassins. Dans certains cas on a
abouti & de bons résultats au laboratoire et & 1'échelle pilote.
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On a examiné la possibilité d'appliquer ce procédé a différents
minerais. On a pour cela essayé d'imprégner le minerai d'une solution
d'acide sulfurique, puis d'entrainer 1'uranium solubilisé en l'arrosant
avec de l'eau ou une solution sulfurique tres diluée.

On a constaté encore qu'en utilisant les effluents acides des résines
échangeuses d'ions il était possible de récupérer de l'uranium contenu
dans les minerais résiduels apres traitement. On est parvenu a retirer
50% de 1'uranium existant dans ces résidus. Le coflit de ce procédé est
tres réduit.

Bien que ces effluents acides n'aient pas encore été utilisés pour
traiter des minerais pauvres, ces essais sur les résidus permettent
d'envisager la possibilité de le faire. Il faudrait cependant qu'une instal-
lation de lixiviation acide et.d'échange d'ions ou d'extraction par solvants
existe & proximité de ces minerais.

En ce moment, on étudie également la lixiviation de minerais en lit
statique par l'eau et par des solutions a différentes concentrations en
acide sulfurique, qui présente une certaine similitude avec la lixiviation
par capillarité en usage en France; on a cependant adopté des débits plus
importants pour permettre des traitements plus rapides,.

On envisage la possibilité de développer ces techniques ainsi que la
lixiviation par l'eau avec ou sans addition de réactifs solides, pour le
traitement des minerais pauvres.

Pour réduire les frais de préparation physique et, par conséquent,
traiter économiquement des minerais pauvres, des essais ont été
effectués en vue d'évaluer 1'influence de la granulométrie sur la dis-
solution de 1'uranium et d'autres éléments.

On a étudié le traitement d'un échantillon de minerai phosphaté de
1'Angola, dont la teneur en uranium était d'environ 0, 05% de U304 .
On a utilisé sans difficulté le procédé classique de lixiviation par
1'acide sulfurique et d'extraction par des esters phosphoriques. Cependant,
1'économie de la récupération de 1'uranium de ces minerais dépend
entierement de la possibilité de valorisation de 1'acide phosphorique.

STATUS REPORT FROM SOUTH AFRICA

R.E. ROBINSON
ATOMIC ENERGY BOARD,
PRETORIA, SOUTH AFRICA

INTRODUCTION

Most of the research work on the processing of uranium ores in
South Africa is being conducted by the Extraction Metallurgy Division of
the S.A. Atomic Energy Board. Nevertheless, a considerable amount
of applied research has been done by the different mining groups con-
cerned with the operation of uranium plants, and also by the Transvaal and
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Orange Free State Chamber of Mines research laboratories. There is,
however, very close collaboration between the various research groups
and the Atomic Energy Board and the main research described below is
conducted on a collaborative basis.

ORES BEING TREATED

All the ores being treated in South Africa are probably in the category
of low-grade ores containing approximately 250 grams UsOg per tonne.
However, the uranium processing plants have the big advantage of treating
a material which has already been mined, crushed and finely ground for
gold extraction, since in all cases the ores being treated contain both
gold and uranium. In fact, thé economics of uranium extraction, and thus
the reserves of uranium ore, are intimately related to the economy of gold
mining operations, The uranium present is in the form of uraninite (either
primary uraninite or secondary uraninite) intimately associated with the
gold in the so-called conglomerates.

Because of this association of gold and uranium it has been possible to
utilize extraction techniques which would probably be considered too costly
if used for ores containing similar concentrations of uranium alone.

PRESENT PROCESSING TECHNIQUES

In all cases the uranium plants use an acid leaching process (using
HpSO, and MnOg as reagents) followed by ion exchange treatment of the
leach solutions produced. The ion exchange eluates are treated first
with CaO to precipitate iron, after which the uranium is precipitated with
ammonia to give a product which after calcination contains approximately
90% Uz Oy .

Initially all plants treated the residue from the gold recovery plants,
Fairly recently, however, several plants have converted to a 'reversed
leach' procedure in which the uranium is extracted first, followed by gold
extraction by cyanidation. The essential advantage of this reversed leach
is to eliminate the formation of cobalt-cyanide complexes which act as
severe resin poisons.

There have been modifications to the standard leach and at one plant
a 'ferric leach' process has been adopted. In this modification a portion
of the uranium-free leach solution (after ion exchange) is rejected and
sulphuric acid and ferric ions are regenerated by the introduction of SO,
and oxygen to this solution.

RESEARCH WORK IN PROGRESS

Fundamental work on leaching mechanisms

This work is being conducted by the staff of the National Institute for
Metallurgy (the home of the Extraction Metallurgy Division of the Atomic
Energy Board) and was first commenced to explain the poor uranium
dissolutions obtained on some of the South Africa ores. Originally it was

3%
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believed that the undissolved uranium remaining after leaching was
present in the form of a 'refractory' mineral (such as uranothorianite) but
as the investigation progressed, it became quite clear that this explanation
was incorrect.

Later work showed that there existed distinct differences in the
leachability of primary uraninite as compared with secondary uraninite.
The secondary uraninite, although of essentially the same chemical and
crystalline form, and generally of a smaller particle size, dissolved in
acid-oxidizing solutions at a very much slower rate than the primary urani-
nite, Invariably, by virtue of the fact that the secondary uraninite had been
dissolved and redeposited by geological processes, it occurred in regions
of the orebody where there were increased concentrations of impurities
such as phosphate, zirconium, etc. It was further shown that the addition
of such impurities to the leach solution decreased the rate of dissolution
very significantly and it appeared resonably certain that the poor leachability
of certain ores was not due to the pressure of refractory minerals, but
rather due to the association of the uraninite with impurities such as
phosphate, zirconium, etc.

Further work was conducted on a more fundamental basis in an
attempt to explain how these impurities affected the rate of dissolution,
and this work in turn led to an attempt to postulate the detailed reaction
mechanism and the important factors influencing the kinetics of the
reaction. This work is by no means completed but several interesting
results have been obtained.

Although, of course, an oxidant must be present in the leach solution,
the rate of dissolution bears no relationship to the redox potential of
the system being used. In fact, tests with different oxidants have indicated
that the effectiveness of an oxidant in uraninite leaching is closely re~
lated to the rate at which these species react in homogeneous solution
which has been shown to be a characteristic of the electronic structure
of the ions involved.

It has also been shown that the mechanism of dissolution involves
the adsorption of complexes, such as [Fe(OH)3]*, on the surface of the
mineral and can be influenced considerably by a competitive adsorbtion
of non-active ions. It is possible that in this way the interference of
. phosphate can be explained. However, the investigation is not complete
and further work is proceeding.

Combined gold-uranium leaching

Work is also being undertaken on the possibility of dissolving both
gold and uranium simultaneously. Such a process would have obvious
economic advantages since the two separate stages of filtration and washing
would be eliminated. It is hoped that in addition it would be possible to
treat material of a much lower uranium content than could be treated by
the conventional process.

The essential feature of this work is the use of alkaline leach
solutions containing sodium carbonate and bicarbonate, a suitable oxidant
and cyanide ions.

From the point of view of gold extraction, the process is exactly
analogous to the conventional cyanide process using lime and sodium
cyanide, except that the alkali-lime is replaced by sodium carbonate.
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The latter reagent, being very much more costly than lime, requires
that special attention be devoted to the recovery and recycling of the
leach solutions and this aspect is an important part of the research
programme,

Sodium carbonate-bicarbonate solutions are also solvents for urani-
nite if a suitable oxidant is present but, unlike the gold dissolution process,
the dissolved oxygen in solution at normal temperatures is not effective
as such an oxidant. By conducting a leach at elevated temperatures and
high oxygen pressures, uraninite will dissolve, but the capital cost of the
equipment necessary and cost of heating the vast tonnages of low-grade
solution make the use of high pressures and temperatures uneconomic.

Attention has therefore been focussed on finding a suitable oxidant
to permit dissolution of the uraninite at ambient temperatures. Oxidants
such as the permanganate ion or hypochlorite ion are too costly and the
most promising reagent is a copper cyanide complex. The oxidized
cupri-cyanide complex is an effective oxidant for uraninite, and after
reaction, the reduced form, a cupro-cyanide complex, can be reoxidized
to the original form by dissolved oxygen in the leach solutions. Thus,
the complex acts as a catalyst and only relatively small amounts need be
used. The possibility also exists of recovering the residual copper from
the leach solutions.

This work is still at an early stage. The exact nature of the active
copper cyanide complex has not been established, nor have the details of
the recovery of sodium carbonate and bicarbonate systems been estab-
lished. Precipitation of gold or zinc dust appears to be feasible and
recovery of the uranyl carbonate complex should present no great problem.
The process appears to have a potential advantage in that the reagent
consumptions are considerably lower in an alkaline circuit than in an acid
circuit.

Research on solvent extraction process

Most of the research activities in South Africa have been devoted to
the development of a solvent extraction process to be used either in
addition to or as a replacement for the ion exchange process. A detailed
technical paper on the Bufflex process is presented as a separate paper
(see section II). In this process the solvent extraction operation is intro-
duced after the ion-exchange process, the main objective being to produce
a more highly refined final product. In fact, a product very close to
acceptable nuclear grade specifications has been achieved.

The most recent work is directed towards replacing the ion exchange
process with a solvent extraction process. The same solvent is used as
in the Bufflex process (Alamine 336) and the chemical processes are
essentially the same. However, in this case the main emphasis is on
the design of large-scale low-cost plants (particularly mixer-settlers for
solvent extraction) and reduction of solvent losses. Preliminary tests on
a pilot plant scale have indicated that the most important cost factor is
the amine losses in the discarded solutions and this appears to be approxi-
mately the same as resin replacement costs.



PL-198/22 37

OTHER MISCELLANEQOUS TESTWORK

A very limited amount of work is being conducted on the recovery of
uranothorianite from the Phalaborwa Carbonatite deposit, the main
emphasis being on ore-dressing techniques. A considerable amount of
work is being conducted on refining processes with particular emphasis on
developing low-cost processes which can take advantage of the high purity
characteristics of the material produced by the Bufflex process. Some
work is also being conducted on recovery of other valuable constituents
in the ores being processed.

INFORME SOBRE LA SITUACION
ACTUAL EN ESPANA

J. M. JOSA
DIRECCION DE PLANTAS PILOTO E
INDUSTRIALES, JUNTA DE ENERGIA NUCLEAR,
MADRID, ESPANA

1. MINERALES

De acuerdo con el programa espafiol de reactores nucleares las
necesidades de uranio se estiman entre 1400 y 1600 t hasta 1970 y entre
11000 y 14 000 t hasta 1980 [1].

Enelestado de prospeccién actual se cuenta [2] con unas reservas
de 11 000 t U3Og con costes entre 5y 10$/1b UsOg, 40000 t con costes de
10a 15%/1b U5 y unas 250000 t con unos posibles costes entre 15y
308 /1b U304.

Las reservas para explotacion proxima (con leyes 0, 1-0, 2% UsOg)
estan formadas por yacimientos en rocas graniticas (40%) y el resto en
rocas metamoérficas (pizarras), localizadas en el oeste de Espafia. Las
reservas a mas largo plazo estan constituidas por lignitos y formaciones
sedimentarias (estratos del mioceno central, sedimentos del este de
Espafa y cuarcitas de Sierra Morena).

2. TRATAMIENTO DE MINERALES A ESCALA INDUSTRIAL

En Espafia la Unica fabrica existente de tratamiento de minerales de
uranio estéd situada en And(jar (Jaén). Tiene una capacidad de 200 t/d.
Emplea un circuito de lixiviacién dcida-cambio de ion-precipitacidén. Los
estudios de los procedimientos los realizé la propia Junta de Energia
Nuclear (JEN) que también hizo el proyecto y montaje. Se puso en marcha
a finales de 1959, y excepto una reduccién en la produccion en el afio
1963 ha funcionado todo el tiempo a su capacidad de disefno tratando
60-70 000 t/a de mineral con leyes medias de 0,1 al 0,12% U3Og.
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Los minerales tratados han sido fundamentalmente graniticos. Proce-
dieron de pequefias minas de la region y de labores de investigacion en
otras zonas. En total se han tratado minerales de mas de 20 origenes
distintos. Las leyes y caracteristicas fueron muy diversas y, en ocasiones,
los minerales eran bastante pobres en uranio, 700 ppm, los cuales, en
compensacidn, ofrecian leyes altas en cobre (5-8% Cu).

E1 funcionamiento de la fabrica se puede considerar normal, con
solubilizaciones de uranio en ataque comprendidas entre el 85 y el 95%. Del
resto del circuito cabe sefialar la operacion de cambio de ion que vino
afectada por el tipo y ley del mineral y por las condiciones y resultados
de ataque; se tuvieron capacidades para las resinas comprendidas entre
120 g U304/1 de resina, para liquidos altos en fosfatos, y 30 g U;Og /1 para
las soluciones muy impuras de tratamiento de minerales de cobre,

En el tratamiento de minerales de uranio y cobre se ha recuperado
éste en un doble circuito de flotacidén y cementacién con un rendimiento
global del 85% aproximadamente, Las principales dificultades se en-
contraron en la flotacion del cobre de los estériles de lixiviacion y lavado.

Se espera que la fabrica funcione todavia unos tres afios, pasados los
cuales la mayoria del equipo se trasladara a una nueva planta en una zona
del oeste de Espafia. En el terreno y edificaciones actuales la JEN
montaré otras instalaciones.

Se ha estudiado el tratamiento de minerales de pizarras y actual-
mente esta en vias de realizacidn el proyecto de una planta para 1000 t/d
de mineral, que se instalara en la zona de Salamanca.

También existen proyectos para la proxima realizacion de instala-
ciones de lixiviacidn estitica y unidades mdéviles de cambio de ion y
extraccién con aminas.

3. INVESTIGACION
3.1. Medios

La investigacion sobre el tratamiento de los minerales espafioles de
uranio se realiza en los propios laboratorios de la JEN en Madrid. Una
pequefia fraccion (5%), especialmente sobre problemas especificos, se
hace mediante contrato con las universidades. Para algunas operaciones
en particular, por ejemplo molienda, también se han establecido con-
tactos con los fabricantes de material.

Sobre problemas de interés inmediato marginal y de aplicacidén
practica remota la JEN concede becas a los licenciados para que trabajen
en sus laboratorios y preparen sus tesis doctorales.

Los laboratorios de la JEN estadn bastante completos y tienen equipo
para la realizacién de ensayos discontinuos de concentracién fisica,
hidrometalirgica y de tostacidén. La planta piloto, que se monté en 1954,
ha sido reformada recientemente a los efectos de reducir su capacidad
a 1-2 t/d, y prever-‘la maxima flexibilidad para la realizacioén de circuitos
diferentes,

El personal de la JEN que se dedica a trabajos de investigacion y
desarrollo comprende unos 15 técnicos superiores y 45 auxiliares. Para
el desarrollo de los trabajos, aparte la némina de personal, la JEN viene
a asignar de 4 a 5 millones de pesetas por ano.
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3.2, Temas

En concentracion fisica los trabajos se han dirigido fundamentalmente
a la eliminacion de los elementos consumidores de acido por flotacion con
acidos grasos y depresion del uranio con acidos organicos de bajo peso
molecular, asi como a la recuperacion de subproductos. También se esta
estudiando la separacion de limonitas uraniferas de dificil ataque, a partir
de minerales de pizarras. Con varios minerales se ha ensayado el estrio
electrénico. Algunos particulares realizan la concentraci6n fisica de
monacitas.

Las experiencias por via seca se han limitado a ensayos de tostacion,
fundamentalmente sobre lignitos.

Se estd dedicando gran atencidon a la lixiviacidon en lecho estatico,
tanto en lo que se refiere al diagnostico de las posibles pérdidas como a
su posible explotacion industrial. Para lo primero se han montado técnicas
y dispositivos diversos, incluidos equipos de funcionamiento automatico
seglin programas preestablecidos.

Con miras a la explotacion industrial se investiga la lixiviacion con
agua, la adicidn de piritas y el empleo de bacterias. Este dltimo estudio
se realiza en cooperacion con el Instituto de Fermentaciones Industriales
del Consejo Superior de Investigaciones Cientificas, que esta aislando las
especies que se encuentran en las aguas de las minas espanolas y en los
efluentes de las ‘eras de lixiviacidén natural. También se estdn ensayando
algunas cepas de bacterias ferroxidantes y tioxidantes, importadas de
Estados Unidos (American Type Culture Collection y Kennecot Copper Co.).

Se han estudiado muchos minerales por ataque con acido sulfurico, en
lecho estatico, segin se puede ver en una comunicacién técnica presentada
a este grupo de trabajo. Creemos que los resultados son alentadores
para el beneficio de minas pequefias o del material marginal que vaya a
quedar al pie de la mina o cantera.

E1l ataque convencional del mineral molido, es la operacién que recibe
mas atencion. Las técnicas estan normalizadas y se reciben muchas
muestras para su estudio. Se utilizan planteos estadisticos que comprenden
por lo general cuatro variables: dosis de acido, temperatura, tiempo y
oxidante a dos o tres niveles. Los disefios se simplifican cuando se trata
de obtener solamente informacién complementaria a los trabajos de
investigacion geoldogica. En la separacion sélido-liquido se considera,
fundamentalmente, el espesamineto y el empleo de floculantes,

En el estudio del cambio de ion se siguen las directrices: a) técnica
normal de empleo de columnas, como servicio a la fabrica en funciona-
miento; b) empleo de esta misma técnica para los liquidos de lixiviacion
estatica, en pequefias unidades moéviles que trabajen a boca mina; c)
recuperacién del uranio de aguas de mina, pues las hay con pH 2,5-3,0
y unos 20 nig U304/1; d) sistema de columnas con elucién sulfirica,
seguido de la extraccion del uranio con aminas y dcidos alquilfosféricos
y e) elucién nitrica similar a la que se usa en And(jar seguida de elimi-
nacion de sulfatos, extraccidén con TBP y precipitacion de uranato amonico;
los estudios sobre esta via se estin llevando de forma paralela para re-
sinas y aminas.

En extraccion con disolventes la investigacioén se centra en: a) trata-
miento de los liquidos normales de lixiviacidén, intentando extender el
empleo de las aminas a liquidos diluidos; la planta piloto (50 m3/d)
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anexa a la fabrica de Anddjar ha tratado liquidos de hasta 200 mg UgOq/1;
b) aplicacién de la extraccion con aminas a la recuperacién del uranio de
circuitos de lixiviacidn estitica a boca mina, mediante pequefias unidades;
c) recuperacion de subproductos (cobre y vanadio) por extraccion con
1.IX-64 y aminas o D2EHPA y d) extraccidén de uranio a partir de liquidos
de ataque alcalino utilizando bases de amonio cuaternario (CDMBA,
Armil).

Otros métodos de recuperar el uranio de soluciones diluidas ha sido
su fijacién sobre orujo de aceitunas y turbas. Se han estudiado las
capacidades de cambio. Algunos tipos espafioles de turbas llegan a cargar
de 1 a 1,5 meqg/g y se van a ensayar en escala piloto. La recuperacién
del uranio a partir de estos productos sera tema de futura investigacién.

3.3. Proyectos

A continuacioén se enumeran algunos de los proyectos especificos
sobre lixiviacién y extraccién en desarrollo e independientes de las
investigaciones de tipo general:

a) Estudios de los nuevos yacimientos que se descubren y que se
enviaran a la fabrica de Anddjar. ,

b} Ensayos con nuevas muestras de pizarras, complementarias al
proyecto de la fabrica de tratamiento de pizarras.

c) Tratamiento de los lignitos radiactivos de la zona de Calaf.

d) Conjunto de dos instalaciones de lixiviacibn estdtica a boca mina
con una unidad de cambio de ion, con capacidad equivalente a
30 t/d.

e) Instalacion de lixiviacién estatica-extraccion para mineral marginal
de pizarras que funcionara a titulo de instalacidn piloto a boca mina
y que supondra 1500 t/mes,

4, COOPERACION

Limitandonos a las actividades mas o menos continuadas se pueden
sefalar:

IL.os contactos regulares con Francia y Portugal sobre el tema de la
lixiviacidn estatica de minerales de uranio.

L.a presencia frecuente de becarios hispanoamericanos en los labora-
torios del Centro Nacional de Energia Nuclear Juan Vigdn, en Madrid.

Los estudios de minerales radiactivos privados, de cuyo tratamiento
se encarga la JEN o para los cuales sus propietarios estan considerando
la posibilidad de construccidon de una planta.

La preocupacidn por la formacidén de personal se manifiesta en el
sentido ya indicado de concesidon de becas para hacer tesis doctorales,
asi como en las facilidades que se dan a los estudiantes de ingenieria para
la realizacién de sus practicas y memorias de fin de carrera. Para el
personal auxiliar se organizan frecuentemente cursos de capacitacion.

5. PROGRAMA
Para resumir, podemos decir que:

1. Espafa esta interesada en la valorizacidon de sus reservas radi-
activas, para lo cual esta realizando una intensa labor de prospeccién
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e investigacion geoldgica y tratando de que los particulares se sumen
a la misma.

2, Trata de hallar las técnicas adecuadas para el tratamiento de sus
minerales, primero mediante los métodos convencionales y procurando
luego mejorarlos. : .

3. Tiene prevista la continuacién de la explotacidén de su fabrica de
Anddjar (200 t/d) y el montaje inmediato de pequeflas instalaciones a boca
mina que en conjunto podrian suponer 100 t/d de mineral adicional.

4. Para un futuro préximo tiene previsto el montaje de una planta
de 1000 t/d de pizarras con ley media del 0,11% U3;QOg; en su construccidn
y funcionamiento trata de interesar al capital privado.

5. Realizara investigaciones de interés general sobre las diversas
técnicas indicadas en los parrafos 3.2 y 3. 3.
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STATUS REPORT FROM SWEDEN

A. PETERSON
AB ATOMENERGI,
STOCKHOLM, SWEDEN

INTRODUCTION

The Ministry of Education was authorized in November 1945 to
appoint a commission to study the organization of nuclear energy research,
In April 1947 this commission, the Swedish Atomic Energy Commission,
proposed the formation of a semi-state-owned company to be a central
body for applied research work and development in the nuclear energy
field in Sweden, :

In November 1947 the Atomic Energy Company (AB Atomenergi) had
its statutory meeting. The State owns 4/7 of the share capital and the
remaining 3/7 is owned by 71 private and municipal share-holders. Except
for a part of the stock capital, all investments and running costs of the
company have been financed by the Government. The company is in
practice answerable to the Department of Commerce which has an
advisory body, the Atomic Energy Board. AB Atomenergi is responsible
for Government-financed research on the industrial applications of
nuclear energy, the milling of uranium ores and refining of uranium.
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The total number of employeesis at present about 1400, 800 of which
work at the company's research establishment Studsvik about 120 km
south of Stockholm,

As early as 1945 the Research Institute of the Swedish National
Defence started work in the field of uranium processing. Similar work was
also started quite early by the Boliden Mining Company, the Swedish Shale
Oil Company and Wargéns AB. After the establishment of AB Atomenergi,
all work in the uranium processing field was transferred to this company.
In fact one of the main reasons for the formation of AB Atomenergi was
the need for Swedish uranium production as there was no possibility of
importing uranium at that time.

As a result of research and development in uranium processing a
pilot plant at Kvarntorp near Orebro in central Sweden started milling
a low-grade uranium ore (shale) in 1953. The capacity of this plant was
5-10 tons of uranium a year, A uranium mill at Ranstad in south-west
Sweden, near Skovde, with a capacity of 120 tons of uranium a year started
production on a reduced scale in the middle of 1965.

LEGAL ASPECTS OF URANIUM MINING IN SWEDEN

A special atomic energy law (Atomic Energy Act) came into force in
1956 and a special law regarding uranium mining was passed in 1960.

In Sweden anyone is allowed to prospect for uranium (and thorium)
anywhere provided that this does not infringe upon the rights of the land-
owner. If anyone wishes to make a closer examination, he can come to an
agreement with the landowner. If such an agreement cannot be reached,
the prospector can apply for a special permit from a government authority.
If several persons apply for a permit for the same area, the authority has
to pay special attention to the claims of that person who discovered the
deposit. The special investigation permit is issued for a maximum of
three years at a time.

The right to mine uranium-bearing minerals is subject to the issue of
a special concession by the Government. Before granting such a concession,
the authorities have to decide whether or not state interests are served by
the issue of such a concession., If several persons seek a concession for
the same area, the Government will decide which person is best suited to
receive a concession. A concession may not be transferred to another
person without the permission of the Government. Once granted, a
concession can be recalled by the Government if the owner of the concession
fails to comply with the conditions under which the concession was issued
or if there are other very strong reasons. Otherwise, once granted, a
concession is permanent. The holder of the concession must pay compen-
sation to the owner of the property.

GEOLOGICAL CONDITIONS

The Swedish bedrock mainly consists of gneisses and granites from
the Precambrian. The deposits formed during the Cambrian, the
Ordovician, and the Silurian have mostly been eroded except for some
places where they have been protected through displacement or by an
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impervious blanket of diabase (dolerite). The Cambro-Silurian deposits
have layers of sandstone above the Precambrian bedrock, followed by
layers of shales, limestone and clay slate. Sedimentary rocks from
periods after the Silurian are only to be found in Sk&ne (Scania). The
mountain-range in the West is a Caledonian mountain system raised in
late Silurian to early Devonian times and is composed of metamorphic
rocks including igneous rocks as well as sedimentary (mainly Cambro-
Silurian) rocks. At the border of the mountain-range there are Cambro-
Silurian deposits which are not metamorphosed.

URANIUM PROSPECTING

The search for uranium for nuclear energy purposes was started
in 1945 by the Atomic Energy Committee. AB Atomenergi has provided
capital for uranium exploration since the start of the company and in 1954
a prospecting division was formed within the company. Uranium pros-
pecting reached its maximum during the years 1955-1958 due to increased
interest by the Swedish Government. In addition to AB Atomenergi, a lot
of other companies and 'weekend' prospectors took part in uranium
prospecting. Since 1960 almost all uranium prospecting has been carried
out by AB Atomenergi.

The introductory part of a prospecting campaign consists of radiologi-
cal surveys on a regional basis by the aid of airborne and car-borne
instruments. Anomalies discovered are subsequently investigated on the
ground with Geiger or scintillation instruments. Those anomalies con-
sidered promising enough for further investigation are studied by mag-
netic and electric methods and by diamond core drilling, etc.

The results of the uranium prospecting programme are briefly as
follows [1-3]. No high-grade ore deposits worth mining have been found
but there are very large low-grade uranium deposits.

DESCRIPTION OF SWEDEN'S LOW-GRADE URANIUM DEPOSITS

The most important and well-known uranium deposits are those in the
alum shales. Uranium content reaching 100 g/t ore more is found in the
strata beginning with the Olenus in the upper Cambrian and ending with
the Dictyonema and the Ceratopyge in the region between Cambrian and
Ordovician,

The Olenus shale is regionally distributed into nearly all Cambro-
Silurian districts in Sweden, i.e. in the provinces of Scania, Oland,
Véastergétland, Narke and Norrland. Two districts are, however, of
special interest, namely the Billingen-Falbygden district in Vastergstland
and the province of Niarke, where uranium contents between 200 and
400 g/t are found. The stratum richest in uranium is the Peltura
Scarabaeoides zone, which also contains a coal-like substance (kolm)
in the form of lenses. Kolm has a uranium content of about 3000 g/t and
its contribution to the total uranium content in the richest part of the
Peltura Scarabaeoides zone is between 5 and 10%.

The occurrence of uranium in alum shales has been known for more
than 60 years. At the start of the atomic energy programme in Sweden it
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was believed that the richest uranium deposit was at Kvarntorp in Narke.
Later extensive drilling programmes made by the Geological Survey of
Sweden on behalf of AB Atomenergi showed that the Billingen-Falbygden
district had much larger and richer deposits of uranium than Narke.
The uranium resources in the two districts are summarized in Table I [4].
The alum shales are fine-grained (1-10um), bituminous black shales
with a density of about 2.1 to 2.3 t/m3. Their composition is a mixture
of bituminous substance (kerogen) together with quartz, illite, feldspar,
kaolinite, pyrite and calcite. The uranium is present in a very dispersed
condition and has not yet been traced to any given mineral.

TABLE I. URANIUM RESOURCES

Ore Uranium Uranium
Area (108 1) %) (108 1)
Vistergotland 3000 0,03 0.9
Niarke 700 >0.02 0.15

A zone rich in phosphorite and uranium was found at Tasj6 at the
border of the mountain range by the prospecting division of AB Atomenergi
in 1958. The zone is situated in lower Ordovician. The shale of this
zone has quite a different character from the alum shales described above.
The uranium-rich zone some metres thick has a uranium content between
200 and 1000 g/t. The T&sjo deposit, however, has only been investigated
to a very limited extent.

EXTRACTION OF URANIUM FROM ALUM SHALE

When AB Atomenergi was founded in 1947 there was no possibility of
importing uranium and the only known deposits were the shales in Narke
and Viastergétland., As mentioned above, we still do not have any richer
uranium deposits. Most of our work on uranium processing has thus of
necessity been made with alum shale as source material, and only this
work will be described in this paper.

During the first years we were doubtful whether it would be technically
possible to extract uranium from such a poor ore as shale, Therefore,
our work at first was concentrated upon the treatment of kolm. The
following exposition will deal with both kolm and shale.

Mining

At Kvarntorp the shale was quarried by opencast mining. At Ranstad
the same method will be used for the first period of about 15-30 years but
later on underground mining will be employed [5].
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Physical concentration

There have been two reasons for physical beneficiation:

(1) To separate kolm from shale
(2) To separate shale from limestone

In 1946 trials were made in laboratory to separate kolm and shale by
use of a sink and float method. A pilot plant using a magnetite slurry
with a density of 1.9 t/m3 was set up at Kvarntorp in January 1949 and
was operated until January 1954.

The same process, i.e. heavy-media-gseparation (HMS) with the aid
of a magnetite slurry, was tried when the need arose of separating shale
from limestone. The process worked well in spite of the fact that the
density of the magnetite slurry had to be kept as high as 2.3 t/m?®. The
high purity of Swedish magnetite made this possible.

The HMS process was put into operation in 1953 at the pilot uranium
extraction plant at Kvarntorp [6]. The same process is also used at the
newly started uranium mill at Ranstad [7]. The HMS process works well
for shale plus 6 mm. For shale minus 6 mm it is possible to use hydro-
cyclones for the separation from limestone.. At present this process is
not used for economic reasons.

Roasting before leaching

To facilitate the leaching process roasting has been tried. The first
trials were made in 1946. Pure oxidating roasting was tried as well as
sulphatizing [8] or chloridizing roasting. The pure oxidating roasting
process has turned out to be the most promising. Laboratory and pilot-
plant work has shown the possibility of getting a 10~15% higher yield
of uranium when leaching roasted shale than when using the percolation
leach process described below. The roasting must be carried out at low
temperatures (600-700°C, preferably 600) under careful control which is
possible with the use of fluidized-bed ovens (however, this has at present
only been demonstrated for small-scale work). After roasting, the
particles of about 6 mm size easily break down to a very fine-grained
mass when stirred with water, i.e. they disintegrate to give the original
small mineral grains (50%, 5 um). Roasting is thus a substitute for a
fine grinding step. Furthermore, the roasting process also produces
heat for steam and electric power, and sulphur dioxide which is con-
verted to sulphuric acid. The roasted and leached residue (which is a sort
of clay) is very suitable for the production of light-weight aggregate, tiles,
pozzolana etc.

Weathering storage

It has been found very beneficial at Ranstad to give the shale an inter-
mediate storage outdoors [7]. Because of this storage (maturing) a higher
yield of uranium is achieved in the leaching step. The difference in yield
between unstored shale and shale stored for some weeks is more than 10%.
The maturing effect is quite small for shale from Nirke and was not used
at Kvarntorp. .
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Leaching

In the first years a variety of methods were tried in leaching uranium
from shale (and kolm). Both alkaline and acid leaching was tried and
agitation leach as well as percolation leach. Depending on the problems
encountered in the separation of pregnant liquor from the solid residue
and in the disposal of this residue, the percolation leach technique on a
basis of unroasted shale was soon preferred for future development work.
This is also the method used today at the new uranium mill at Ranstad
(which can treat around 850 000 tons of ore per year).

TABLE II., ANALYSIS OF SHALE, LEACH RESIDUE AND LEACH
LIQUOR
Shale Leach Leach
(%) residue liquor
(%) g/
§i0, 44.9 45.5 0.8
A1, 04 12.3 12.0 18.0
Fe ,0, 8.7 7.1 14.0
CaO 1.5 1.2 1.1
MgOo 0.8 0.7 4.8
Na,0 0.3 0.3 0.8
K,0 4.8 4.7 5.2
S 6.9 6.4 -
S04 - - 100
P 0.08 0.01 1.7
As 0.008 0.007 0.12
0.03 0.008 0.6
Corg 15.5 15.5 -

The preferred leaching medium for the first years was a circulating

solution of ferric chloride.

However, the final choice for the pilot plant

at Kvarntorp was a non-circulating solution of sulphuric acid. The same
medium is also used at the Ranstad plant.
Among other leaching methods tested are pressure leaching (9] and
the use of circulating sulphuric acidleachliquor through auto-oxidation of
sulphur dioxide in this liquor.
sulphuric acid solution as leaching medium is described in the technical

paper delivered to this Panel (7].

The final percolation leach process with
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Recovery of uranium from leach iiquor

The leach liquor from the leaching of shale is rather impure as is
seen in Table II. At first precipitation by adding hydroxide followed by
digestion with sodium or ammonium carbonate solution was tried. How-
ever, in 1950 the uranous phosphate precipitation process was developed
[6,10]. The process was used both for ferric chloride and sulphuric
acid leach liquors. The method was used at Kvarntorp between 1953 and
1957,

The search for better methods led to a process for selective adsorption
of uranium as a negative uranyl sulphate complex [11] from sulphate leach
liquors by the aid of strong anion exchangers [12]. This method was
developed in Sweden as early as 1952 and a pilot plant was erected at
Kvarntorp in 1954 [6]. A commercial ion exchange equipment was in-
stalled at Kvarntorp at the end of 1957,

At Kvarntorp an acidified ammonium nitrate solution was used for the
elution of uranium. In the planning of the Ranstad mill it became obvious
that this elution agent could not be used because of water pollution
problems. As described [7] several possibilities were considered for
the concentration step, among these extraction with alkylamines and dialkyl-
phosphoric acid. The final choice was a combination of ion exchange and
extraction with dialkyl-phosphoric acid (the Eluex process). Today we are
trying to develop this method into a process which will give uranium oxide
of nuclear grade without further purification.

Recovery of uranium from eluate solutions

At Kvarntorp precipitation of uranium from the eluate was made in
two steps. By adjusting the pH value to about 3.5 with limestone most
of the impurities were separated from the uranium. In the filtrate from
this step uranium was precipitated by aid of ammonia and after filtration
and washing dried and sent to the refinery.

At Ranstad a continuous precipitation process is used after the ex-
traction process. Uranium is precipitated from the re-extraction solution
(sodium carbonate) with sodium hydroxide at elevated temperature. By
careful control of pH and agitation an easily settling precipitate is obtained.
The precipitate is washed in a thickener and dried without filtration in a
dryer that treats the precipitate in a very mild way in order to conserve
the particle size of the precipitate, thereby giving the dried concentrate
in the form of a free-flowing powder.

Waste treatment

Two types of waste are obtained from the processing of uranium shale;
the leaching residue and the barren solution from the ion exchange step.
The waste treatment procedures were developed very early and are des-—
cribed in more detail in the technical paper to this Panel [7].

The leaching residue is transported to a low level area and then the
neutralized sludge from the treatment of the barren leach solution with
limestone is pumped upon the leaching residue. The waste water from
the waste disposal area is collected and further treated before being
pumped to recipients.
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THE ECONOMY OF SWEDISH URANIUM PROCESSING

Up to 1955 the yearly cost for prospecting and research and develop-
ment work on uranium processing (including refining processes) was about
1 million kr ($ 200000). Between 1955 and 1965 the average yearly cost
for the same purposes has been about 2 million kr ($ 400 000).

The Kvarntorp plant required an investment of 10 million kr
($ 2 million). The total operating cost (including investment) between the
start in 1953 and the closing of the plant in 1963 was 30 million kr
($ 6 million). During this period a total of 62 tons of uranium were
produced (part of which was produced from imported material).

The results of uranium production at Ranstad are given in the techni-
cal paper to this Panel [7]. According to this account, on the basis of
one year of operation (testing period) the yearly cost per kilogram
uranium in 1966-1967 at full capacity (120 t U/yr) will be 136-148 kr
($ 10-11 per 1b U3Og), not including amortization charges.

Combining the present Ranstad plant with a by-product plant based on
roasting of the leach residue [7] would lower the production cost per
kilogram uranium considerably but still give a cost above the present
world market price.

At a future very large exploitation of the Billingen shale the total
production cost (including amortization) probably will be between 160 and
190 kr/kg U ($ 12-14 per 1b UgOy).
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JOKJIALL O COCTOAHUU BOITPOCA B CCCP

A.TI.3E$HUPOB

TOCYIAPCTBEHHBI KOMUTET IO UCITIOJE30BAHUIO
ATOMHOU BHEPT'MH CCCP, MOCKBA

CCCP

BBEIEHUE

YpaHoBasi npoMbIUIJIEHHOCTh MO nepepaborke 6eaHsIX ypaHoBHX pyld B CCCP
6bina co3daHa B nocnelHue roar. B pesynbraTe paboT HayyHO-HCCaenoOBa-
TeNbCKUX UHCTHUTYTOB U NMPEeANpPHUSITHA B pa3BUTHUH yKa3aHHOH OTpacilu Mpo-
MBIMNIEHHOCTH GBI obecnedeH GRICTPBIN TeXHUYECKH porpecc, KOTopsIfi mo=
3BOJIMJI P€3KO MOBBICUTb MPOU3BOAUTENEHOCTE , COKPATUTD PACXOJ PEareHTOB,
YNPOCTUTE TE€XHONOTHYECKHe CXeMBbl U CHU3UTH ce6eCTOMMOCTh MPOAYKLHH .

B nHacTosimee BpeMs 6a30# LN ypaHOBOWH MPOMBIMIJIIEHHOCTH B TOM YHCIe
U 6elHBIX ypaHOBHX pyA B CCCP sSBASI0TCS MECTOPOXIEHUS C Pa3jIMYHbIM CO~
AepXaHHUEeM LEeHHBIX KOMNoHeHToB (ypaHa, ocdopa, MonubgeHa, peakose-
MeJIbHBIX 371eMEHTOB, TOPUS, Xeaes3a U Ap.).

I. OBOTAIIEHHE BEIHBIX YPAHOBBLHIX PY ]

Bnpelb nol HUMHU Mbl OyZeM MOHUMATh TOJNbKO GelHble pynbl. YpaHOBbIE
pYAbl OTAMYAIOTCS UCKIIOYUTENBHBIM pa3HooOpa3HeM BelleCTBEHHOTO COCTa-~
Ba. B GonpWIMHCTBE clyuyaeB ypaH B pyZhaX npeicTaBleH He OJHHUM, a HeC-—
KONbKHMH MHUHEpaJbHB MU 0Opa30BaHUSIMU C Pa3aUIYHBIMU JU3UKO-XHMUYEC™
KuMH cBoiicTBaMu. Cpenn HUX HMEIOTCS B Pa3/IMYHBIX COOTHOWEHUSIX KakK
co6CTBEHHO ypaHOBbe MHHepalbl, Tak U MHOT0OOpa3Hble MHHepanhbl — HO™
CHUTeNIN ypaHa.

B cBsI3U ¢ 3THM B npouecce oborameHuss ypaHoBbIX pyl pemMaloTCs ABe
r7aBHblE 3alauy: yAaJeHue U3 NOOBITOH I'OPHOH MacChl OCHOBHOTO KOJHU™
YyecTBa MyCThIX npo6, 4To No3BONsIeT BOBJEKATH B 3KCIUIyaTalulo Bce 6onee
6enurle pylbl; pa3ziefeHHe OCTaJbHOTO MaTepHala Ha TaKHe NMPOAYKTH, KOTO-
phle MO CBOEMY MUHepajlbHOMY COCTaBy Haubonee GnarONpHATHH Aas nocuae-
Ay0IUX onepauuit obmed TexXHONOrHYeCcKol cxXxeMbl, UTO AaeT BO3MOXHOCTb
CHH3UTh cebeCcTOMMOCTDb THIPOMETANIYPrUieCcKUX onepaluit u obneruurs
KOMIIJIEKCHOE HCNONb30BaHHE CHIPBHA.

MeTonsl 060oTameHnss yPaHOBHX Py A

BeumecTBeHHbT COCTaB ypaHOBH X pyA NpenonpenensieT HeO6GXOAUMOCTb
rubKOr0o HCMONB30BaHHUA PAa3/JHUYHMIX METOLOB O6GOTalleHHsS U TWAaTEeNbHOTO
corjacoBaHHUs onepauuii oboralieHUs U rUAPOMeETaNNnypruu.

PanuoMmerpuyeckass cenmapauus. Ilpu 6onpmoM pa3Hoobpa3uu
QHU3UKO-XMMHYECKHX CBOHCTB ypaHCOAepXalWHUX MHUHEpPaNoB BCe OHU obnala-
IOT OOHUM O6mMUM CBOHCTBOM — PalHOAKTUBHOCTBIO.

CymHOCTBh npolecca paiHOMeTPHYECKOro oborameHusi, OCHOBaHHOT'O Ha
M3MEPEHUH HHTEeHCUBHOCTH PaAHOAKTHBHBIX H3/JyUeHUt, 3aKi0o4yaeTcs B aBTO~
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MaTH3UPOBAHHOM pa3/leJIeHUH PYAHOH MacChl Ha MPOAYKTHl C KOHAMLMOHHBIM
¥ OTBaJIbHBIM COJAepXaHHEM ypaHa.

VMenTCs TPH pa3HOBUAHOCTH Mpolecca palHOMETPHUUYECKOH cenapaluu:
NMOPUUOHHBIR, TOTOYHBIA U Ky CKOBOIA.

HayanpHble CTaAWH paAHOMETpPHUYECKOro oboraleHusi palHoHaabLHO CO-
r71acoBBIBATCS C TeXHOnMoruei ropHalx pabor.

Bes nobbiTas TopHas Macca B Npollecce ee TPaHCINOPTHPOBKH B BaroHeT -~
Kax WIH JpYyTHX CTaHAAPTHBIX €eMKOCTSX MPOXOAUT (MOA 3eMiieil, UK Ha no-
BEPXHOCTH) Yepe3 paAloMeTpHYecKHe KoHTponbHbie cTaHuuu (PKC).

C nmomouwsio PKC ocymecTBasieTcs: yueT AOObITOro Merasnaa, yaneHue
OCHOBHOM MaCChl MMyCTO# NMOpPoAbl B OTBaja U pa3liesieHHe PyHIbl O COLEeDPXaHUIO
ypaHa Ha copTa, ecinu 9To Heobxomumo.

Ucxodngg gﬁa—wapaagnn

BKC

BedHosa pyda Omban

- 200(15G) mm

[poxo4yeHue

flporteibra
Poduomempuveckag cengpayug I

-30(15)mm

=D rerd O6eaboxubarue
[ TU! — Tz k2]
: X6, 3 Caub
| l-_-_J
f

Konuenmpam Xbocme

Puc, 1. Tunopas cxeMa paauoMeTpuueckoit oboratuTenbHon ¢abpuku.

3a cyeT MaCCOBOCTH M3MEPEHHUl U BBICOKOH YyBCTBUTENBHOCTH NPHOGOPOB
paiHOMeTpUYeCKHUe KOHTPOJIbHbIE CTAaHUMH OOeCrnedYnuBaloT NPpUEMIIEMY0 TO4Y~
HOCTH OmpelesieHu npyu 60nb WO MPOH3IBOAUTENbHOCTH .

IIpy 1O0CTaTOYHO BHICOKOH KOHTPACTHOCTH PyAbl NPOMEXYyTOUYHble COpTa
ee, BeaeneHHsie Ha PKC, npencrapnsinnT cob6oil nuue rpyGslii KOHUEHTPAT,

B KOTOPOM HMMEIOTCS 3Ha4YUTeJIbHble KOJudecTBa MmycToi mopoasl. OHH Ha-
NpaBASsIIOTCS Ha BTOPYI CTaAH palHOMeTpudYecKoro oborameHus obbIYHO
B KyCKOBOM (MHOT' Ja B MOTOYHOM) pe€XHUMe.

BTopas craaus oborameHus BKJI0OYaeT HeOOXOAUMBIE MTOATOTOBHTE/Nb ™
Hble onepauuu: ApobneHHe Ao KpynHocTH — 200 (— 150) MM, rpoxodyeHHe Ha
3 — 4 xynacca, NPOMBIBKY T€X KJ1acCCOB, KOTOpble MOLBEPramwTcs paiuoMeT-
puueckoil cenapauuu, U obeaBoxuBaHue. Knacc kpynHoctbio — 30 (—15) MM,
KakK npaBuio, paXlHOMeTpHYeCKOMY oboraumeHHuo He nogBepraeTcs.

Ha BTOpoO# cTamuu paiuoMeTpHyeckoro oborameHus Haubonbllee pac-
NpOCTpPaHeHHe MOJYy4YHJl YHHBepCalbHbI# JI€HTOYHBIH MHOT'OKaHaabHbIHA cemapa=~
TOp. Y3en u3MepeHHus ceraparopa COCTOUT W3 YHHOHULHPOBAHHOTO GIOK-
3KpaHa, B KOTOPHIA YyCTaHaBAUBAIOTCH AETEKTOPH M31y4yeHUsi. Blok-9KpaH
ONHOBPEMEHHO CJIYXUT ToNOBHHIM 6apa6aHOM neHTOYHOTO KOHBeHepa.

4%
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KoHcTpykuust 6510K-9KpaHa nO3BojisieT MaKCHMalbHO NPUONIU3UTE AAT=
YHK paZuMoMeTpa K PyAHbIM KycKam, BbI6paTh yTo/l HaKjIoOHa NaTYHUKOB H
YCTaHOBUTH TpebyeMoe UYHCNO mapannenbHo paboTawnux KaHanoB (oT 2 50 6).

Pasaenswomue mubepsl UMeOT 31eKTPOMATHUTHBM npuBoA. KoHCTpyk=
uus mubepoB 6aouHas ¥ NO3BONASET PEryIHPOBATDH MX MONTOXKEHUE OTHOCHTEND -
HO TPAeKTOPHUHU ABUXKEHHS KyCKOB. MMeeTcs 3amMTHBIH 3KpaH, MO3BOASI ™
WA YMEHBIIUTh U UHTEHCUBHOCTEL (POHOBOTO U3JyUYEHHUS .

IIpon3BOAMTENBHOCTE TEHTOYHBIX CENapaTopoOB, B 3aBUCUMOCTH OT Kpyn-
HOCTH nepepabaTrBaeMOro Kjacca U YUca UCHONAb3yeMbIX KaHajloB, COCTaB~
nseT oT 6 Ko 40— 50 t/uac.

Ha puc.l. nokasaHa NMpUHHUHUNHA/NbHaAs cXeMa palHoMeTpHdeckoro o6o-
rameHusi. TexHonoruueckue nokasaTesH paJHOMeTpHUECKOH cenapaluu
MOTYT KonebaThCs B WHPOKHX Npenesiax, B 3aBHCHMOCTH OT NMPHUPOAHBIX Ka-
4yeCTB PyAbl (KOHTPAaCTHOCTH, TpaHyJlOMeTpHYeCKHH cocTaB U Ap.), COBep-
mEeHCTBa NPUMEHseMOll annapaTyphl U NPaBUJIbHOCTH TE€XHOJOTHYECKHX MPH-—
eMOB. BBIXOA OTBajbHBIX XBOCTOB AocTHraer 70 — 80% oT Beca COpTHPYy-—
eMBIX KJIaCCOB.

B 3aBucuMOCTH OT BelleCTBEHHOTO COoCTaBa pyd M Apyrux dakropos,
paavoMeTpHueckoe oboraljeHlHe MOXHO MIPUMEHATH KaK e IMHCTBEHHBIH 060~
TaTUTEeNIbHBIHA TpoLeCcC WiAM B COYeTaHUU C APYTHMMH crniocobamu oboralueHus.

I"'paBurtauuoHnHoe oborameHue . J[Jns pyld XWIbHOrLO THMNA C Mpe-
HMyImeCTBEHHO HACTYpPaHOBOW MHHepanu3aluei palluoMeTpuyecKas cenapa-
UM XOpowo KOMOHHUPYyeTCs C IpaBUTAallMOHHBIMH MeToJaMu oboraueHus —
OoTcalKol, KOHUeHTpauue# Ha cTosax U oforalleHHEM B TSIXKeJIBIX CYyCHNEeH3UsIX.

Oco6enHo 3@ deKTUBHBIM (nMpu 61aTONPUSITHOM Belle CTBEHHOM COCTaBe
PYAbl) ABNsIETCA CYCNEeH3HWOHHOe T'HIPOLMKIOHHPOBaHHE, IpUMeEHAeMoe K Ma~
Tepuanam KpynHocTtbhio oT 15(20) 1o 1 —2 MM,

$norauusa. Kak cnocob usBneuyeHus ypaHOBLIX MHUHepanoB dnora-
UUs He onpaBiajla paHee BO3jaraBlIMXCs Ha Hee HadeXa. CIOXHOCTB CXeM,
KakK NnpaBuWlO, He onpaBiblBanacCh 3KOHOMHYECKHMMHU nokasartensmu. OMAHAKO
dnorTauua npuMeHaeTCs AN BbIAEJEHUA UMEOUWUXCH B pyAe (paAMOMETpHU-
YeCKHUX WM I'PaBUTALHOHHBIX KOHLEHTpAaTax) Cynb@UAHBIX MUHEpPaJoOB U pad-—
nesleHus pyAbl UIH KOHLEHTPATOB Ha KapboHAaTHBIH MIM CHUIHMKATHBIM MPOAYKTHI .

llenecoobpa3HocTh P1OTaUHOHHOTO BH AENIeHUS CyNb@UIOB CBfi3aHa HWIH
C HeOOXOAMMOCTBI0 KOMIIJIEKCHOTO HUCNONAB30BaHUs ChIpbA (U3BIEeUYEHHE KO~
6anbra, HHKeENs, MonubAeHa U Ap.) WIH C pallMOHa/NbHOW NOATOTOBKOH MaTe-~
puana K CONOBOMY BhIleNaYMBaHHIO M nocineayloumed copbuuu ypana. B no-
clneaHeM ciydae u3MesbuyeHue U QoTalMid MOXHO BECTH C HUCNONL30BaAHUEM
060pOTHH X KapbOHATHH X PaCTBOPOB. IIpu 3TOM CHHXaeTCf pacxol pea-
TeHTOB, JocTuTraeTcs 6osiee MONHOE H3BNeYeHHe CynbdUIOB U yMeHblIaeTCs
colepXaHHe MOJUTUOHATOB U CyNbdaToB B nynble, NoCTynawuei Ha copbuuio .

IIpy KHCNOTHOH CUIPOMETANIyprudeckoli cxeMe, NpUMeHseMOil npu ne-
pepaboTke Chipbsi, cofepXamero KapboHaTHb e MUHEpabl, BO3HUKAIT He-
NPOU3BOOUTE/NbHEE PACXOAbl XHMHKATOB, MIO3TOMY BH AeneHHe KapboHaToOB
B OTHAENbHBIA MPOLYKT A CONOBOIO BhlMeNadyMBaHUA WIM AN HeATpanusa-
LMW KUC/IBIX MyJbN MOXeT ObTh Lenecoobpa3HbIM .

II. TUOAPOMETAJNNYPIUYECKAS MMEPEPABOTKA PY]II
1. BrlmenauuBaHue ypaHa U3 Pyl

Kucnorunoe BromenauvuBaHHUeE . HpH BHIII€JIaUUBAHHU ypaHa H3
CHIIMKATHBIX H allOMOCHJIHMKATHLIX PYA C HEBBICOKHM COJE€pXaHHEM Kapﬁoﬂa-



52 3E®VPOB

TOB OCHOBHBIM fIB/ISIETCS MeTOJ H36HpaTe/ibHOrO Bbllle/iaYUBAHHS PACTBO-
POM CEpHOH KHCJIOTH C OKMCIHTENSIMH (NHPONIO3HUT, XJIOPATH HATPHUS M Ka-
nus). OTOT METOR XapaKTepu3yeTcs HH3KO# KHcnoTHocThh (pH =0,3 +2,0),
HH3KOH TeMnepartypoii (20 —60°C), HO cpaBHUTENBHO GONEWOH MPOAO KU~
TenbHOCThIO (12 ~ 24 yac). Jins Hero Tpebyercs Gonee TOHKOE U3MeJbUe-
HHe pyxsrl. bBnarozaps 9STOMy CHHXAeTCS PaCcXOA KHCJIOTH U OKHCAUTENS U
MOJIy4alnTCs paCTBOPh C MEHBbIIHM COJepXKaHHeM MpUMece#l, YTo 3HAYHUTENb -
HO y/iyudllaeT BCe MOCnenykIue nmpouecch (Copbuumw u 9KCTpPaKLHUo).

TeopeTHueckye HccClie IOBaHUS NMOKa3ajM, YTO NPU CEPHOKHUCIOTHOM
BblIeNaunBaHuK GonpWyo PONb B OKMCIAEHHH YeTHIPEXBaJEHTHOT'O ypaHa Ur-
papT HMOHBI TPEXBajJeHTHOTO Xeje3da. CHcTeMaTHYeCKHe HCCjie ZOBAHHUS IO~
Be€HHs YPaHOBBIX MHUHEpAasiOB M CONYTCTBYO lINX MHUHEPAJIOB Iy CTOW MOPOABI
IpHY CEPHOKHCJIOTHOM BhIlleaYNBAHHH YPAHOBBIX PYH ¢ Ko6aBKOH pa3/JHWYHEIX
OKHUCAHTENel NO3BOJUNAY onpelle/IUTh XapaKTep AeHcTBUA okucnureneii. Bri-
JIM BBISIB/IEHBl NpeUMyllecTBa NPHPOAHOT O MHPONI3NUTa KaKk Haubonee peme-
BOro H 3@ eKTUBHOI O OKHCIUTENsI, obecneuynBaiero BbBICOKOe H3Beye -
HHe ypaHa.

JLo3UpOBKa KMCJIOTH U OKUCJINTENA NPH H3OHpaTeJbHOM BhlIeauuBaHUN
MOJHOCTH0 aBTOMAaTU3HpPOBaHa (IO 3HaYeHHUAM BeJNHYMH PH M OKHMCJIHUTE/NIbHO™
BOCCTaHOBHUTEJILHOT O MMOTEHLHaNa) .

Hcrnonb3oBaHue NpH BhIENaYHBaHUN CEPHOH KHUCIOTH M MPUPOLHOTO MU~
pOJIO3UTa NMO3BOJNIO JIKKBUAUPOBATE NpobieMy OWMCTKH BHIX/IOMHBIX ra30B,
o6ierYnio OYUCTKY U o6e3Bpe XHBaHHe CTOYHLIX BOA U obecreuusio BO3MOX=-
HOCTb MOJIHOH MeXaHH3alud K aBTOMaTH3aluH npolecca BhIeTaYUBaHUA .
CymecTBeHHOe 3HayeHHe B CHH)XXEHUH PAaCXOJOB Ha BH UleJiauHMBaHHE HMejia
TaKXe 3aMeHa YaHOB C MEXaHHYEeCKHUM MepeMelIUBaHUEM MYJ/IBIbl Ha YaHBI
Tuna nayyka Sonbmoro o6rema (xo 300 — 500M3) ¢ nHeBMaTHUYECKUM nepeMe-~
IWHBaHHUEeM (COKpaWleHHe pacxoka 2JEeKTPOIHEPTHH U 3aTpaT Ha PEMOHT U
ob6cnyxuBaHue). JanpHeHWHMM pa3BHTHEM MeToxa M3OHUpaTeNpbHOT O Bhime-
JlaYWBaHUA SIBUJAch pa3paboTka MeToAa COPOLHOHHOTO BHIIIEJAaYWBAHUS, IDH
KOTOPOM H3GHpaTenbHOE BHIMEJaYHBAHUE M COPOLUMOHHOE M3BJ€YEHHE ypaHa
M3 MyJibNB aHHOHOOOMeHHOH cMONoH COBMemeHsl B OZHOM Ipouecce. 2To
ofecneunBaeT CHHXEHHe pacxola peareHTOB, COKpPalleHHe U yNpolleHHe Bcei
TEeXHOJIOTHUYECKOH CXeMBbl U3BJIeUeHHUs] ypaHa U3 pyZbI.

TepcrneKTUBEH U METOA KMCJIOTHOT'O aBTOKJ/JIaBHOT O BhHII€Ia4YUBaHUS ypa-~
HOBBIX py4. IlpruMeHeHHe aBTOKJaBOB IMO3BOJsI€T UHTEHCHPULIHPOBATH NPO~
1ecc BhlIeJJaYUBaHUs, KOMIUIEKCHO U C MUHMMAaJIbHHIMHU 3aTpaTaMH Ha pea-
TeHTH nepepabbITHBaTh Cynbduiacolepxamue pyas . Ilpu 9ToM aocTuraeTcs
BHICOKHII MPOLIEHT U3BJIeYEHUS ypaHa M psilia CONYTCTBYOUWMUX LEeHHHX KOM ~
MOHEHTOB U CHHXAaeTCs Mepexol B pacTBOpD npuMeceit.

JIpyruM HampaB/i€HHEM HCIIOJIb30BaHUsS aBTOKJIABOB SIBJISIETCS BbICOKO-—
TeMnepaTypHbI THAPONH3, KOTOPBIA MOXHO ITPUMEHHUTD AJIs1 OUUCTKHU pac-—
TBOPOB ¥ pereHepalHH peareHTOB.

IpeacTaBiAsieT UHTEpPeC BO3MOXHOCTb COBMEN[EHHS B OJHOM amnmnapare
MpoLecCcoB BhmeNaunBaHus B 6eclapoBOTO U3MenbuyeHUs (M3MeJb4YeHHe B
Kucno#t cpene). Ilpu aToM pacrtBOpsieTcs #o 50 — 80% ypaHa U OQHOBpPEMEH™
HO UHTEHCUPHUIHPYEeTCA CaM NpoLecC HU3MeJbUYeHHUsS (CKOPOCTh yBeJIHYHUBaAET™
csa B 1,5 —2 pa3sa), Tak Kak pa3pyll€eHHe 4acCTHUL PyABl MPOUCXOAUT TaKXe U
XMUMHUYECKHM NyTEM.

JlemeBHM M NPOCTHM fIBJITeTCS MeToJh 6aKTepHaNbHOTO BH IENaYUBaHUS
YPaHOBBIX PYA, IPH KOTOPOM DacTBOPEHHE ypPaHOBBIX MUHEpaJOB MPOUCXOAUT
3a cueT CepHOH KHUCAOTH U cynbdaTa OKHCH xejne3a, obpasyroumuxcs npyubak-
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TepHajJlbHOM OKHMCJE€HHM MUPUTa. B ciydae nmUpUTCOZepXawWMUX PyX Bhluena=
YUBaHHE MOJXXHO NMPOU3BOIUTHL 6€3 XMMHWUECKHUX peareHTOB; WIS alloMOCHIU™
KaTHBIX Pyl C HU3KUM CoZepxaHueM cepsl Tpebyercss nobaBka HeboJbWOTO
KOJIMYeCTBa MUPUTA .

Hapsiny ¢ ypanoM npu GaKTepHalbHOM Bhllll€/laYHBaHUM B 3HAYHTEIbHOH
CTENeHM U3BJIEeKaTCa U ApyrHe LeHHbIE KOMIOHEHTHl, TaKHe, Kak MonubaeH
U Topuit. MeToa KyuHoro 6akTepHasbHOTO BHIlUlEaYUBaHUS MePCHEKTHBEH
IJ15i U3BJiedeHUs] ypaHa u3 3abanaHCoOBBIX Pyl MONyTHOH Z0OBIYM, XBOCTOB
paluoMeTpHYeCKOH COPTHUPOBKM, @ TakKXe ISl Py A HEKOTOPhIX MECTOpPOXAe~
HUIl ¢ orpaHMYeHHBIMH 3anacaMM ypaHa, HO 61aTONPUATHBIMH yCJOBUSMH N0~
6p1un. bBakTepHanpHOE BhlllesayHBaHWe HaXOAUT NPUMEHEHHe U B NOA3eM-
HBIX YCJIOBUSIX.

CymeCTBEHHBIM 3TaNoM B Jejle COBEPUIEHCTBOBAHUS TEXHOJOTHHU Mepe-
paboTKH ypaHOBBIX Py, a TaKXe YBeJHUEHHUS MMOJHOTH HCIONb30OBAHUSA HUMe -
OIHUXCS B HeJpaX 3anacoB ypaHa siBWiIach pa3paboTKa MeTOAOB NMOA3EMHO™
TO BhlesauuBaHus. PaspaboTaHbl M HalllIM MpPaKTHYeCKOe NMPUMEHeHHe Me-
TOAbl MOA3E€MHOTO BhlUeTaYMBaHUs IJIs1 U3BJIeUYEHHUST ypaHa U3 Pyl MECTOPOX~
LeHU} C TBEPABIMH CKaJbHBI MU NOPOJaMHU M U3 Py OCAAOUHBIX MECTOPOXAEHUH .

B nepBoM cnydyae BhlU[eauMBaHHE MPOU3BOZUTCS B MOA3EMHBIX OioKaX,
B KOTODPHIX Mara3uHUpyeTcs pyha, NMpeABapHTe/IbHO pa3ApobieHHast B3phIBa =~
MH. DBoKHM opomlaoTCs paCTBOPOM CepHO# kuciaorkl. Bo BTOpoM cnyuae
pacTBOpP CEPHOH KHUCJIOTHI MOJAETCSH C [MOBEPXHOCTH B [1AaCT Yepe3 OJHH CKBa-
JKHHBI, @ ypaHcoJepiXalluift PACTBOP BRIBOAUTCS U3 [JIacTa Yepe3 ApyTHe CKBaXH-
Hbl, obopyoBaHHbIE a3PONUPTHHIMU HaCOCaAMH.,

KapboHaTHoe BoimenauuBaHue . OCHOBHBIM BONPOCOM CONOBOTO
BhIN[€JIaYMBaHUsA SBASIETCH OKHCJIEHHe YeThpeXBaJleHTHOTO ypaHa B Kapbo-
HaTHoM pacTtBope. Hanbonee nemeBblii OKHCIKHTENDb — KHUCIOPOA BO3AyXa.
PaboTta no yCoBepueHCTBOBaHUI0 NpollecCoB KapboHaTHOTO BhIL€ayUBaHUs
NMPOBOAMNACh B HaMpaBJI€HUU yNYyUlLIEHUS YCJIOBHH OKHCJIEHHUS B OTKPHITBHIX am—
flapatax fyTeM TOHKOTIO AUCMNeprHpoOBaHUa BO3AyXa M MoabopoM KaTanusa-
TOPOB M NMPHMEHEHUS aBTOK/JIaBOB.

OnpenesneHsl onNTHMabHbIE YCIOBHSA HCIIONb30OBAaHUSl TaKUX KaTanusa-~
TOPOB OKHUCJIeHHs, KaK MeJHO-aMMHauyHbI# KOMIIJIEKC, PeppalraHuAbl, CO~
eMHeHHs ABYX- M YeThIPeXBaJIeHTHOI'O MapraHlia, XaJlbKOMHPHUT U Ap.

Haubonsmas uHTeHcudUKaLus npoueccoB KapboHAaTHOT O BhIesayuBa~
HHUS LOCTHUTaeTCs NpH UCMONB30BaHHM B KayeCTBE OKHCJUTENleH KUCHopoha
WIM BO3AyXa MOA AaBjieHueM. IloBbimeHue TemnepaTypsl Ao 120—-130°C
MO3BOJIAET NOCTHYL BBICOKOT'O M3BJEYEHHUS ypaHa Jaxe U3 BeChMa ynop-
HBIX PYA.

Jns npoBeldeHHs aBTOKJIAaBHOTO Kap6OHATHOTO BhlWleNadWBaHUsl pa3pa-
60TaHbl KOHCTPYKLMH MHOTOKaMePHBIX TOPU3OHTANBHEIX aBTOKIaBOB 065~
eMoM 30 u 120 M3 (puc.2) u OLHOKaMepHbIX BEPTHKaJbHbIX aBTOKJIAaBOB 06~
eMoM 7o 50 M3.

IIpy kap6oHaTHOM BhIe€NadYMBaHUM BecbMa 3@ PeKTHUBHO pewlaeTcss BO~
MpoC O MOMyTHOM M3BIEeYEHHWH TAaKOTO HEeHHOTO KOMIOHeHTa, KaKk MonubaeH,
YacTO BCTpeyalileToCss B YPaHOBLIX pylax.

2. CopbuMoHHOE H3BleYeHHe ypaHa U COMyTCTBYOWHX
3/IEMEHTOB

B Hauasie pa3BUTHS YypaHOBOH MPOMBIUIEHHOCTH NpobieMa U3BAEUEHUS
ypaHa U3 KHCJIbIX U KapOoHATHBIX MyJbIl MMOC/A€e BblI{€JaYUBAHUS pellanach
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Ha 6a3e PUABTPALMOHHBIX CXeM (KMCIOTHO-COAOBBIX U COAOBO-KHMCIOTHDIX),
Tpebylomnx BRICOKUX 3aTpaT Tpyda, peaTeHTOB U MaTepHaloB.

OTKpbITHE B KOHLE COPOKOBBIX T'OLOB sIBAEHHS KOMIUIEKCOOOpa3oBaHud
YPaHHI-HOHA C Kapb6OKCHABHBIMU IPDYNNaMHU HEKOTOPhIX Cl1aBOKMCABIX KaTH~-
OHOOGMEHHHKOB Rao BO3MOXHOCTb yXe B Hayaje NATHAECSTbIX TOJ0oB opra~
HH30BaTh NMPOU3BOACTBO H NpUMeHeHHe MB MeXaHHYeCKH MpOYHBIX, Aelle-
BBIX U CEJIEKTHBHBIX KaTHOHUTOB ANA COPOUHUOHHOTO M3BJEUYEHUS ypaHa M3
MynbIIbl .

Puc. 2. ABTOK/JaB A1a Bhilie/audBaHUs GeNHBIX YPAHOBBIX PYA.

HekoTopble HEAOCTATKH KapOOKCHIBHBIX KATHOHUTOB (CPAaBHUTEJLHO
3aMe/yieHHas KHHeTHKa copbuuM H HeOOXOAMMOCTE NMpoBeAeHus npouecca
NPpH OTHOCHTEJIBHO HH3KHUX KOHUEHTpauusax HOHa Bonopoaa) Ha JAHHOM 3Ta-
e pa3BUTHUS COPOLHOHHBIX MPOLECCOB BMOJIHE OKYMAaJHCh BBICOKOH MX MeXa~
HHYeCKOI MPOYHOCTHI0 U HU3KOH CTOUMOCTLIO .

Bbricokuit akoHoMuyeckuit 9pdekT or BHeApeHHs npoLeccoB cOopOUMH H3
Ny B 3HAUUTENbHON Mepe Obin CBA3aH ¢ pa3paboTKOH MaKCHUMAalbHO MPO~
CcTHIX U 9 PEeKTUBHBIX METONOB UX annapaTtypHoro opopmnenus. Ecnu nep-
BOe BpeMs HUCMONbL30BaNochk pa3Hoobpa3Hoe ofopyloBaHue (YaHbl C MeXaHH-
YeCKHUM MepeMellHBaHHUEM, KOJIOHHB CO B3BEUIEHHBIM CJIOEM MOHHTA) U Moay-
HenpephIBHbIe MeTOAsl paboThl, TO C KOHLUA NATHAECSTHIX I'OJOB Bceobilee
pacnpocTpaHeHHe MOJyuYMs HenmpepsBHBIH MeTO[ copbuuu B anmapaTax CrneLu-
albHOM KOHCTPYKLHWHU C MHEBMATHYECKHUM MepeMellHBaHHEM .

Yka3aHHbI MeTOA OT/NHYaeTCd BHICOKOH YHHBEDPCA/NbHOCThHIO, NPUTOLEH
a1s nepepaboTKu Nyabn € COAepXaHueM TBepAoro 1o 50 —60% B Tom uucne
3 — 5% wactuu kpynuoctbio + 0,15 MM. B HacTosilee BpeMsl CO3JaHbl H 9KC-
1yaTupyoTCs anmapaThl 063€MOM OT AECSATKOB AO COTeH Kybuueckux Mer-
pOB, UTO NO3BOJNSIET CBECTH K MHHHUMYMY KOJIHYECTBO TEXHONOTHUYECKHUX HU~
TOK (puc.3).

PaszpaboraHHasi cucTeMa annapatypHoro opopmnaenuss He UMeeT ABHXY ™
mMUXCSA YacTeH M KOHCTPYKUHMH, IerKO aBTOMaTHU3UPyeT s NMPOCTEHWNMH Cpen~
CTBaMM M OT/M4YaeTCsl Xopoliel yCcToHuynBoCTh0 B pabore. CneuuanbHas ca-
MOTEeYHas TPaHCMOPTHUPOBKa MOHHTa obecrnedynBaeT CPaBHUTENbHO HH3KHE MO~
TepH ero 3a CYyeT MeXaHH4YeCKOr'o M3HoCa, a BO3MOXHOCTEL paboThl Ha MyNib- '
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rnmax BbHICOKOH MJIOTHOCTH NMO3BOJASET AOCTHYL BBICOKOH yINeJIbHOH MPOH3BO~
OUTEeNbHOCTH.

CnenymowHuit 3Tan pa3BUTHA MeTOJOB COPOUMH U3 Mynbn 6B CBSA3aH C
pa3paboTkoi CHHTe3a U OpraHH3auueil MPOMBIUJIEHHOT O MPOU3BOJACTBa BbI-
COKOIMPOYHBIX aHMOHOOOMEHHHUKOB Pa3JIMYHOH OCHOBHOCTH U Ha3Ha4eHHS .

B oTnnuue oT KapbOKCHAbHBIX KATHOHHTOB @aHHOHUTH! 6ojlee YyBCTBU™
TeJIbHBI K COAeDXaHUI0 B NyJiblle TaKUX NPUMeCei, KaK HUTpaThl, XJIOPUABI,
MOJUTHOHATH U T.A. OAHAKO BHICOKAA KUHETHUKA cop6uym (CH}TBHOOCHOB‘
HBIX aHHOHHTOB) H BO3MOXHOCTH HCITIO/Ib30BaHHUA aHHOHUTOB A1 U3BJICUYEHUSA
ypaHa KakK M2 KHCJIbIX, TaK U U3 KapOOHATHBIX Cpel B psle ciydyaeB obycnoB=
nIuBaKT ux 6osee npe AMOYTHUTENILHOE NIPUMEHEHHE .

Lunuxomuere Lye!
obreHUE
; ————

Usnessyenue

| |

erouuBarue

Cal,CaCo,

Puc. 3. TunuuyHas cxema nepepaboTKH CHWINKATHOH GeAHON ypaHOBOM pynbl.

IIpeuMyumecTBa aHUOHUTOB OCOOEHHO MPOSBASAIOTCS NPHU nepepaboTKe IIHU-
HHCTBIX ¥ KayCTOOHONHUTOBBIX PyA, T.€. PyA CO 3HAYUTENbHOH copbUHOHHOMN
crnocobHoCThIO .

HccnenoBaHus kap6oOHATHOTO M KUCIOTHOTO BhiljeslauyMBaHUs ypaHa U3
Pa3/UYHbIX Py MOKa3ajH, YTO CKOPOCTHL 3TOTO fpoliecca, a TakxXe H3Ble-~
YyeHHE U PACXOL PeareHTOB 33aBUCSAT OT CKOPOCTH nuddy3un NpoAyKTOB pac-—
TBOPEHHUS YPaHOBBIX MHHEDAJIOB B 006B€M PACTBOPEHHUS U OT psla BTOPHUUHBIX
dakTopoB (06GPAaTHOTO COOCaXIAEHHS H OCaXIEHHSI, OKKJIIO3UH U COPOLUHU py -~
HBIM OCTATKOM). BBeleHue HOHUTA B Mynbly HENMoOCpeACTBEHHO MpPH Bblije-
JlauMBaHUKM obecneyHBaeT HE TONBKO CHATHE NHPPy3MOHHBIX OrpaHddeHHUH
CKOpPOCTH mpouecca, HO ¥ CBOAWT K MUHUMYMY OTpHLATE/NbHOE BAUSHHE BTO~
pUuHBIX PakTOpoB. O3TO MO3BONASET OCYUECTBASTH NMPOLECC BhlUETAUUBaHHUS
NpH MeHbUWUX KOHUEHTPpalUUsiX pacTBOPUTENS, UMeTh ©oJiee BBICOKYI copb-
LIHOHHY0 €MKOCTb MU MHTEeHCH@HULUHMPOBATh MPOLECC 3a CYeT COBMEIEeHUs orne-
pauuii copbuMH U Bblu€aUHBaHUS .

OnHOBpPEMEHHO C JajbHEeHIIUM yCOBEPIWEHCTBOBAHUEM MPOLECCOB copb-
LMK ypaHa U3 nyasn 6oablioe BHHMaHHe YIensioCh COPOLMOHHBIM CXeMaM
MOMYTHOT'O U3BJieYEeHUS LIEHHBIX KOMMOHEHTOB, BCTPEYal WIHXCSA B yPaHO -
BbIX pyZax.
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III. 3KCTPAKUHWOHHOE U3BJIEYEHUE YPAHA

OKcTpakunoHHas nepepaboTKa TEXHONOTHYECKHX PaCTBOPOB NMPUMEHS~
eTCS MOYTH Ha BCEX ChIPLEBBIX YPAaHOBLIX 3aBojax. Bce 6onee mupokoe npu-
MEHEeHHe IKCTpaKLUHus NonydyaeT Takke B THAPOMETAJIyprudecKol nepepaborT-
K€ Pyl UBETHBIX U PeAKHMX METAaJJIOB.

B ypaHoBoO# TexHONOruM 6onplIoe pacnpoCTpaHeHWe UMEIT CXeMBl, code-
TapluHe COpOLUMOHHOE M3BJeYeHHe W KOHLUEHTpPHPOBaHHEe MeTasa U3 PYAHBIX
MyJBIl C [ocAenyomen 9KCTPaKIHOHHON MMepeYHCTKOW NeCOPOUHOHHBIX pac—
TBOPOB MJISl MOJIyY€HUS TOTOBOMH MPOAYKLHH .

H3 nocTaBasieMblX NPOMBIIMIEHHOCTBI0 CoBeTcKoro Coo3a 3KCTPAareHTOB
Haubonbmee pacmpocTpaHerHe uMewT: Tpubytunpocpar (TB®), ucnonssy-
eMpIi T1aBHBIM of6pa3oM Ha ad dHHaKHBIX onmepauMsix, Kucisle ankunpocdpa-
Tbl (AH~(2-3Tunrekcua) docdopHas kucnora), ankundocdoHars! (uU3oaMu=-
JNOBBIA U OKTWIOBBIH 2Hupsl MeTHuNPoCHOHOBOM KHCAOTH) U alKUIaMHHBI .
ITocnenHue MHPOKO HCHONB3YIOTCSA MPH NEPEYHCTKEe CEPHOKHUCIBIX Kecopbuu-
OHHBIX pereHepaToB, NOJAydyaeMBbIX MO CXeMe, cCoBMemapuei copbunio 1 ak-
CTPakKLHIo .

B obnactu annapaTypHoro oopMiaeHuss 9KCTPaKLUHOHHBX CXeM MPOXOJ -
KaloTCsi pabOTH MO CO3AaHUI0 BbICOKOMPOU3BOAUTENBHBIX 3KCTPAKTOPOB IpUMe =
HHTeJIbHO K cneud@uKe OTHeJIbHbIX TeXHOJOrMYeCKHUX npoueccoB. OAHUM M3
3THUX alllapaTOB SBJISIETCS yCOBEPUIEHCTBOBAHHbI/I CMECHUTEJ1b~OTCTOMNHHK
SAUWMYHOT O THMA C THAPaBAHYECKUMH 3aTBOpaMHU B KaxAoil kaMepe, obecme-
4YHBaIO WMMHU HE3aBHCHMOCTH paboThl CTynmeHel U BO3SMOXHOCTE MPOBEJeHHS
npouecca B MHPOKOM JHana3oHe COOTHomeHus das.

CMeCHTEeNbHO-OTCTONHbIE 3KCTPAKTOPhl HCNONB3YIOTCS MOYTH Ha BCEX
CHIDbEBBIX YPaHOBBIX 3aBoJax, paboraloUX MO SKCTPaKLHOHHEIM CXeMaM
ans 6enHblx pyAa. HAns nepepaborTku 60AbWINX 0GB MOB TE€XHONOTHUECKHUX
pacTBOpPOB Henecoobpa3HO HCNONb3OBATh CMECHTENbHOOTCTOHHEIE 3K~
CTPakKTOpPhl UWIHHAPHYECKOTrO THNA C HHTEHCUPULUPOBAHHLIM pa3JeJIeHU~
em ¢as.

DKCTpakUusl OCymecTBASeTCS B KacKale OXHOCTyNeHYaThlX amnnapaTos,
yCTaHaBJIMBaeMHbIX Ha OAHO#M oTMeTKe, 6e3 crneuHanbHbIX MTPOME XY TOUYHBIX
mepeKkayuBamwMUX yCTPOHCTB |

JdanpHeHAWIMM yCOBEPMEHCTBOBaHHEM IKCTPAKLHOHHLIX annapaToB sIB—
nsieTcs pa3paboTKa 9KCTPaKTOpoB UeHTpobexHoro tuna. Ocoboe BHHMaHue
IpH KOHCTPYHMPOBAaHUU TAaKHUX annapaToB obpamaeTcss HA BO3MOXHOCTE 06~
paboTKH CHCTEM, COAEepPXamUX HEKOTOPOe KOJHYECTBO TBEPARIX B3BeCeH.

BecbMa 2d eKTUBHEIM NpeACTaBAAETCS HCNONb30BaHHE B 3KCTPaKUH~
OHHBIX CXeMaX LeHTpoOeXHBIX cenapaTopoB (Tapeab4yaToro THNa) Kak Ans
OuHCTKH AByxdas3HbIX CHCTEM, TaK U LS pa3faeseHust TpexdasHbIX CHCTEM .

OJZHNAM M3 NMepCneKTHBHBIX HaMpaB/JeHUH RalbHeHWEero pa3BUTUSA 3K~
CTpPaKLUHOHHOH TEXHOJIOTMH ABJsieTCs pa3paboTKka MeTOAOB HEBOJHOI'O 3K-—
CTPAKIMOHHOI'O BbIUe/JIaYMBaHHsI M H3BJIeUYEHHUS ypaHa U3 PYJHBIX MyJbI
pas3nuuHoit moTHocTH. OCHOBHOE 3aTpyAHEHHe NpPU NPOMBIUIEHHOM HC-
MOJIb30BaHUH 3THX METOAOB CBA3aHO ¢ GonpmuMH 6€3BO3BPATHLIMHU NOTE -
PSIMH 9KCTPAareHTOB C TBePAO#H YAaCThI0 MyJNbNbl. O3TH 3aTPyAHEHUS MOTYT
6bITh B 3HAYHTENIBHOH Mepe NpeonOoseHbl 3a cUeT HCHOJb30BaHUsI OTHO-
CHTENIBHO HeAOPOTHX H JIETKO pereHepHUPyeMbiX 3KCTPAareHTOB, a TaKXe mpU-
MEeHeHMsl CreluasjbHBIX KOHCTPYKUHil 3kcTpakTopoB. IlpeacTaBnsieT Takxe
MHTepeC OCylleCTB/IIeHHe npolecca 3KCTpakKuUu U3 My/bll B annaparax ¢
MACHOYHEIM peXHUMOM MaccoobmeHa. K Takum annapaTraM OTHOCHTCS K3-
BECTHbBIE [JIEHOYHO-AUCKOBBIE KOHTAKTODBI.
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DKCTpaKUHOHHbBIE CXeMBI W UX annapatypHoe opopmieHHe XapaKTepH-
3y10TCcs 6071bMON KOMIAaKTHOCTEI U 06€CneyuBaoT BO3SMOKHOCTDb MOJHON aB~-
TOMaTH3alHUM MPOLUECCOB C COKpalleHHeM IO MHHUMyMa o6Ciy XKMBaw WeETro
nepcoHana.

IV. KOHTPOJb H YIIPABJIEHUE TEXHOJIOTHUYECKUMHU
NMPOLUECCAMH

OcobeHHOCTAMHU nepepaboTKH YPaHOBLIX PyXd ABAA0TCSA 6ojblIKMe Mac-—
mTabhl NPOM3BOACTBA ¥ KOMIUIEKCHOE UCHOJAB30BaHUE ChIpbs. OTu PakTOpH
BBIABUTAIOT Cephe3Hbie 3allauM Nepel CUCTEMaMH aBTOMaTHYECKOT'O KOHTPONS
W peTry/JMpOBaHUS OCHOBHBIX NMapaMeTpPOB TEXHOJOTHYECKHUX npoueccos. Oxa-
HOBpPEMEHHO BO3HHKaeT 3alaya ONTHUMAaJbHOTO YIIpPaB/leHUsT KaK OTAE/IbHBIMHU
TEXHOJIOTHYE€ CKHMHU NpoleccaMH, TaK ¥ BCEM MPOHU3BOACTBOM C LeJbI0 YMEHb -
IeHUsT NMOTepPh peareHTOB, SHEPTHHU U Ap.

ABTOMaATHYECKHE CUCTEMBI KOHTPOJS U peTryJHPOBaHUA OTIENbHBIX TE€X™
HOJIOTHYECKHUX MMpoueccoB 6a3UPYIOTCS Ha KOHTpPOJIe TeXHOJNOTHMYeCKHUX Mapa-
METpOB: KOHLEHTPAalLHUH ypaHa, KHCJIOTH , OKHCJIUTENST, PACXOda MYJbIbl, TEM~
rnepaTyph cpelbl H T.A. CHCTeMbl pPeryJHpPOBaHUS CTPOSATCS MO MPUHLHITY
cTabunusauui 3THX NapaMeTpoB.

Jis KOHTpoNisl colepXaHHs ypaHa B PydaX U Te€XHONOTUYECKHUX MPOAYyK=
TaX THAPOMETAJIyPrHYEeCKOTO MPOU3BOACTBA NPUMEHSIOTCS ClaelylllHe Me-
ToApl: TaMMa-abcopbunonHslit, AuddepeHuHanbHBIA TaMMa-CleKTpanbHbIH,
TaMMa~pPeHTTeHOCHeKTPaJbHbIH U DEHTTeHOCNEeKTPaJbHbIN .

U3 sTHX MeTOIOB BTOPOH U YyeTBepTHIH 06/ajaloT BHICOKOH CEeNeKTHB-
HOCTBIO IO OTHOWIEHHIO K COCENHHM C ypPaHOM TSXeJIbIM 3jeMeHTaM. Kpome
TOTO, VIS KOHTPOJISI ypaHa B paCTBOpEe NMPHMEHSIITCS CIeKTPOPOoTOMeTpH~
YeCKHe MeTOUBI:

a) mo co6CTBEHHOMY MOTJIOWEHHIO CBeTa;

6) ¢ npeldBapHTeNbHOH XMMHUYECKOH MOATOTOBKOH pacTBOpa;

B) C nMpelBapHTeJlbHOH XMMHUECKOH MOATOTOBKOH pacTBOpa M 9K=~
CTpakKLHeH.

KoHTpones KoHUeHTpauui cBOGOAHON KHUCHIOTH B MPOLECCE Pa3JIoKeHHS
CBHIPBS MPOU3BOAUTCS U3MEDEHHEM 3JIEKTPONPOBOAHOCTH TEXHOJOTHYECKHX
pPacTBOpPOB.

ABTOMaTH4YeCKOe peryjJHpoBaHHE KHCIOTHOCTH MyNbN HCKIOYaeT TPy~
fble HapyumeHHSI KHCJIOTHOTO pPeXHMa pa3JIOKEeHHUs, YBeJIUUUBaeT NPOLUEHT U3~
BjIeYE€HHST HeHHBIX KOMIIOHEHTOB, COKpallaeT pacXoX PeareHTOB U yMeHblia-
eT Konu4yecTBO ob6C/yXHBaKwWeEero nepcoHana.

YT1o6bl He AONMYCTHUTH pPEeaKUHI0 OKHCIEeHHs a30THCTOH KUCIOTO NUpHTA,
Haxolsimerocs B pyAe, HeO6XOIUMO KOHTPONUPOBATH H peryjlupoBaTh OKHC™
JINTE@JIbLHO-BOCCTAHOBHUTEJIbHbIH NMOTeHLUHaa pacTBopa. TaKoH KOHTPONb OCy-—
MEeCTBASIETCS C MOMOMbBI MIATHHOBOTO H KaJIOMEeJIbHOI'O 3J1eKTPOAOB, BBICO~
KOOMHBIX npeobpasoBaTeseil U peryJUPYO KX NpUGOpoOB.

B Tex cnyvyasix, KoTJa pa3JioXeHHE CHPbLA MPOU3BOAUTCS NMPH KOHLEH-
Tpauusax Kkucaor 10 +15 r/n, KOHTpons u perynupoBaHHe KHCJIOTHOCTH OCYy~
mecTBAsIOTCA pH-MeTpaMu co CTEKJSTHHBIMH 9jieKTpoldaMu. TOYHOCTL pe-
TynupoBaHus AocTturaer +0,2 pH. KoHTponr pacxola ypaHOBBIX M APYTHX
TE€XHOJIOTHYECKHX MYJIBIT U PACTBOPOB MPOU3BOAUTCS NPH MOMOIIH 3JIEKTPO™~
MaTHUTHBIX, WEeJIeBbIX U APYTHX THIOB PacXodOMEPOB.

B nponeccax copbunu npu nepepaboTke pys KOHTPOJHUPYIOTCS Takue ma-
paMeTphl, KaKk ypOBEeHb copb6eHTa B pereHepallMOHHBIX KOJMOHHAaX, KOJIHYeCT=
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Bo copbeHTa B nyukax, pH nynensi. IIpy 0AHOBPEMEHHOM KOHTDOJE MOTO-
KOB M KOHLIEHTPAalUHWM ypaHa IO annaparaM CHCTeMa YNpaB/IeHUS MO3BONSET
BE€CTH MpoHecC COPOGLUU MPH MaJbIX MOTepsIX peareHTOoB .

B npoueccax 3kCTpakLUH peTyJHPYeTCs COOTHOWIeHHWe pacXoAOoB ypaH -
coAepxXalllero HeOPraHUYeCKOro pacTBOpa W OPraHU4YeCKOT o 9KCTpareHTa
C LeNbl MOoJIyYeHHUs HaCHIIEHHOTO YpaHOM 3KcTpakTa U 6eanoro paduHarta.

YnpaBneHue BceMHU npouecamMu nepepaboTKU pysd OCYWECTBASETCS C
MECTHBIX U LI€HTPaJbHEIX MUTOB. C MECTHBIX WHUTOB MPOU3BOAUTCH AUCTAH-
LIMOHHOE yNpaBjeHHe 3J1eKTPHUYECKHUMH, MHEBMATHUYECKUMH HUCMONHUTEBHBIMHU
MeXaHU3MaMH U NpUBoJaMH. 34ech Xe pacrnojaraloTcs U3MepUTeNbHble pe-
TUCTpUPY O IHE NMPUGOPE U PETYAATOPBl OTAEJBHBIX MPOLECCOB, MHEMOCXEMHI,
annapatypa NporpaMMHOIO ynpaBiaeHHs, 6JIOKUPOBKH, NpUOGOPEl CBETOBOH H
3BYKOBOl aBapuiHO# CHrHanu3alUuy .

B pane cnyqaes 3HayeHHUsI OCHOBHBIX TEXHOJ/IOTHYEeCKUX MmapaMeTpOB BbI-
HOCSITCSI Ha MPUOOPBI LHEHTPAJILHOTO WHTa. Hanuuue LEHTPaJbHBIX WHUTOB IO~
3ponsieT 6oyee OMepaTHUBHO ynpaBndaTh paboroit HexoB.

K npubopaM, pacnojoXeHHBIM Ha WHTAX, MOXHO MOAKJIIOYATh BXOAHble
YCTpPoORCTBa BBHIYHCIUTENbHbBIX MallWH, TpeAHa3HayeHHBIX M1 NnepepaboTKu
nHPopMalHM O TEXHONOTHYECKUX Mpoleccax.

Bce B 66npunx Macurabax NpoBOAUTCS pa3paboTKa M BHeIPDEHHE METO-
JOB ONMTHMAalIbHOT'O YNPaB/J€HUS KaK OTJe/NIbHBIMH TE€XHOJOTHYEeCKUMHU NPOo-
neccaMH, Tak U BCeM NPOH3BOACTBOM. IIpu aToMm ocofoe BHMMaHHe obpa-
maeTcs Ha ONTHUMH3aLHUI0 TEXHOJOTHYEeCKUX pe XKMMOB U almnapaTypHOro
odoOpMNIEeHHUsT TEXHOJOTHYECKUX CXeM.

OCHOBHBMH MeTOAaMH ONMTHUMaNbHOI'O YNpPaBJeHUs, KOTOPhle HAaXOAAT
npuUMeHeHHue, SBASIOTCS CTaTUCTHYeCKHe, OCHOBaHHbIE Ha MaTeMaTHyeCKo#H
CTATHUCTHKE M TEOPHM CTAaTUCTHYECKHUX pelIeHHi, a TakXe MeTOolbl MaTeMa-
THUYECKOTO MOAE/HPOBaHUS Ha OCHOBE PU3UKO-XHMHYECKUX 3aKOHOMEPHO~
cTell 1 MeTOZBl MMOUCKa SKCTPeMyMa HEeNoCpelACTBEHHO B XOJe TEeXHOJOTH=
yecKoro mpouecca.

TIpyMeHEeHHe OMHCAaHHOTO BhIIIe KOMMJ/IEKCa‘*CUCTeM aBTOMAaTHYECKOT O
KOHTDOJISI U YNpaB/leHUs obecrneynuBaeT NMOJIyUYeHHEe ONTHMAaJbHBIX T€XHHUKO=
3KOHOMMYECKHX MoKa3aTesledl npouecca ¢ MHHUMAaJlIbHBIMU 3aTpaTaMu pyd-
HOTO TpyZa.

STATUS REPORT FROM THE
UNITED KINGDOM

A.A, NORTH

WARREN SPRING LABORATORY,
STEVENAGE, HERTS.,
ENGLAND

The invitation to present this status report could have been taken
literally as a request for information on experience gained in the actual
processing of low-grade uranium ores in the United Kingdom, in which
case there would have been very little to report; however, the invitation
naturally was considered to be a request for a report on the experience
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gained by the United Kingdom of the processing of uranium ores. Low-
grade uranium ores are not treated in the United Kingdom simply because
the country does not possess any known significant deposits of uranium
ore. It is of interest to record the fact that during the nineteenth century
mesothermal vein deposits associated with Hercynian granite were worked
at South Terras, Cornwall, and ore that contained approximately 100 tons
of uranium oxide was exported to Germany. Now only some 20 tons of
contained uranium oxide remain at South Terras; also in Cornwall there
is a small number of other vein deposits that each hold about five tons of
uranium. Small lodes of uranium ore have been located in the southern
uplands of Scotland; in North Wales lower palaeozoic black shales have
only as much as 50 to 80 parts per million of uranium oxide, and a
slightly lower grade carbonaceous shale is found near the base of the
millstone grit that occurs in the north of England. Thus the experience
gained by the United Kingdom has been of the treatment of uranium ores
that occur abroad.

In the United Kingdom, laboratory and pilot plant work on the proces-
sing of low-grade uranium ores has been in progress for twenty years.

In 1946 the organization which later became the United Kingdom Atomic
Energy Authority placed a contract with the Department of Scientific and
Industrial Research (D.S.I.R.) to undertake work on the development of
analytical techniques for uranium and for the development of chemical
processing methods for the recovery of uranium at its National Chemical
Laboratory at Teddington, Middlesex. In 1964, this work and personnel
engaged upon it were transferred to another station of D.S.1.R., the
Warren Spring Laboratory, Stevenage, Hertfordshire, where a mineral
engineering group had been in existence since the formation of the Labora-
tory in 1958. This group was formed in part by the transfer of the Mineral
Dressing Group of the Chemical Engineering Division of the Atomic Energy
Research Establishment, Harwell. The last administrative change occurred
in 1965 when the Warren Spring Laboratory was transferred to the new
Ministry of Technology which also assumed parliamentary responsibility
for the United Kingdom Atomic Energy Authority.

To give in detail the experience gained over a period of twenty years
by research, development and process design teams that maintained close
contacts with the producers of uranium concentrates in Africa, Australia,
Canada, Portugal and the United States of America is obviously beyond
the scope of this review; particularly as trends have not always been
governed by consideration of technical feasibility but by economic factors.
The outline of the experience bulges heavily in the area that covers the
leaching of ores of uranium with sulphuric acid or with carbonate solutions,
for either lixiviant the role played by oxidants received a considerable
amount of attention. The phenomenon of natural leaching.of uranium ores
as the result of attack from ferric sulphate and sulphuric acid produced
by the action of air and rainwater on pyrite was examined and the important
contribution of the autotrophic bacteria Ferrobacillus ferro-oxidans,
Thiobacillus ferro-oxidans and Thiobacillus thio-oxidans to the leaching

processes was demonstrated,

Very early work on the recovery of uranium from leach liquors was
concerned with the selective precipitation of uranium, but this type of
work soon gave way to the investigation of the recovery of uranium by
means of the use of anion-exchange resins. It was very appropriate for
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this work to be done at Teddington because the first synthetic ion-exchange
resins were prepared at the Chemical Research Laboratory, Teddington,
by B.A. Adams and E.L. Holmes in 1935. The poisoning of ion-exchange
resin by thiocyanates, polythionates, sulphur, silica, cobalt cyanides and
molybdenum compounds was investigated. In particular the study of
poisoning by silica was protracted, and new anion-exchange resins for the
recovery of uranium from siliceous liquors were developed. The new
weak-base resins prepared by the amination of polyvinylchloride beads
reject silica more completely than conventional strong-base polystyrene
resins and so do not exhibit a gradual deterioration in performance due

to the cumulative retention of silica.

On the advent of liquid ion-exchangers a number of alkyl and aryl
esters of phosphoric acid and alkylamines were evaluated for their
potential use as extractants for the recovery of uranium from leach
liquors by solvent extraction processes, and a few such process design
studies were completed. Further experience of the conventional type of
solvent extraction process development work stemmed from investigations
of the recovery of thorium from uranium-barren liquors and of beryllium
from leach liquors. The recovery of uranium by solvent extraction direct
from leached ore slurries was accomplished by means of a specially
designed rotary-film disc contactor wherein neither phase was truly dis—
persed in the other since this avoided the creation of solid-stabilized
emulsions.

Unfortunately this brief summary of experience of chemical processing
of uranium ores does not permit a detailed account of invaluable contri-
butions made to the geological and mineralogical aspects of the United
Kingdom's programme by the Atomic Energy Division of the Institute of
Geological Sciences and by the Mineral Dressing Group (q.v.), where the
physical pretreatment of ores was studied. It is also regretted that it
is impossible to catalogue the vast experience acquired by the manufac-
turers of equipment for mineral and chemical processing plants.

It is desirable to stray beyond the confines provided implicitly by
the title of this review to refer to research work conducted in the
United Kingdom on the recovery of uranium from sea water. For this
work, undertaken principally by the Atomic Energy Research Establish-
ment, Harwell, organic and inorganic absorbents (e. g. precipitated
titanium hydroxide) were developed for the extraction of uranium from
sea water; an account of this process has been given by Davies, R.V. et al.,
Nature, Lond. 203 (1964)1110.. A description of the recent progress of
the work, currently being written up for publication, is unfortunately not
available at the present time. The work is continuing on a further phase
of the study which may take a year or two; when this is completed a fore-
cast of the future potential of the process will be attempted.

Before describing the status of current research and development
work on or pertinent to the processing of low-grade uranium ores it is
desirable to give some indication of present environments, The United
Kingdom Atomic Energy Authority is fully aware of the responsibility
that it carries to ensure the availability of adequate supplies of fissile and
fertile material, The present supply position, however, is one of emer-
gence from there being a glut of uranium, and furthermore the Authority
has confidence in its fast reactor programme, (The construction at
Dounreay of a prototype fast reactor with a designed electrical output of
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250 MW (600 MW(th)) is due to commence this year and the reactor should
be in operation by 1971.) It is not surprising, therefore, that the current
programme of the Mineral Science and Technology Division of the Warren
Spring Laboratory is not dominated by work on the processing of low-
grade uranium ores. The investigation of natural leaching of low—-grade
uranium ores is being continued, but for this study the emphasis is on
improving the production of lixiviants from pyrite and from sulphur.

The extraction of uranium from pure sulphate solutions is being studied
incidentally as part of a basic investigation into the mechanism and
kinetics of the solvent extraction of metals, this work utilizes a rotary-
film disc contactor. In general the wide-ranging programme of research
is not tied to any particular metal, but is concerned with a range of unit
processes which are commonly encountered in mineral processing
operations, including those devoted to the recovery of uranium, for
example study of the control and automation of processing plants.

STATUS REPORT FROM THE
UNITED STATES OF AMERICA

R.H. KENNEDY
UNITED STATES ATOMIC ENERGY COMMISSION,
WASHINGTON, D.C., UNITED STATES OF AMERICA

The US uranium production rate has been dropping gradually from
a high of 17760 tons in fiscal year 1961 to a level of about 10400 tons
in fiscal year 1966. As of 1 January 1966, there were 17 uranium mills
in operation in the USA compared with a maximum of 26 during 1961,
the peak production year. Uranium procurement contracts between the
USAEC and companies operating 11 mills have been extended through
calendar year 1970. The USAEC contracts for the other six mills are
scheduled to expire 31 December 1966. Some of these mills, however,
have substantial private orders for production of uranium for nuclear
power plants and will continue to operate after completion of deliveries
under USAEC contracts. No new uranium mills have been brought into
production since 1962, Under these circumstances the emphasis in
process development activities in recent years has tended toward im-
provements that could be incorporated within the general framework of
the existing plants,

Some major flowsheet changes have been made, however. For
example, two of the ore-processing plants have shifted from acid leaching
to sodium carbonate leach in order to provide the flexibility to process
an increasing proportion of ores of high limestone content in the tributary
areas. Several mills employing ion exchange as the primary step for
recovery of uranium from solution have added an'Eluex' solvent extraction
step on the ion exchange eluate. This process not only results in a high-
grade final product, but also eliminates several metallurgical problems
formerly caused by the chloride and nitrate eluants. Such changes together
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with numerous minor improvements have gradually reduced production cost
and increased recoveries,

The domestic uranium milling companies have generally had reserves
of normal-grade ores well in excess of the amounts required to fulfil the
requirements for their contracts with the USAEC, Therefore, there has
been little incentive to undertake the processing of lower grade ores.
However, there have been occasional circumstances in which the uranium
in low-grade or marginal materials could be recovered at costs competitive
with the costs of conventional ore mining and treatment, The procedures
which are employed in treating these materials are given in the technical
papers which were prepared for this meeting (see section II).

The USAEC conducted a vigorous research programme in uranium
ore processing technology from about 1947 through 1958. This work was
carried out by many different types of organizations including USAEC
laboratories, other government agencies, universities, and private
companies. Research activities were also closely co-ordinated with the
work of laboratories in several other countries,

TABLE I, LEACHING AND RECOVERY METHODS

Leach pri very process Number of plants
ach process rimary recovery p employing unit operations
Sodium carbonate Hydroxide precipitation
Resin-in-pulp (basket) ] 1
Sulphuric acid Solvent extraction 6
Alkyl phosphates 3
Alkyl amines 3
Ion exchange 8
Column ion exchange 3
Resin-in-pulp (basket) 2
Continuous resin-in-pulp 3

Every uranium processing plant in the United States now employs one
or more unit operations developed as a result of this USAEC research
programme. In addition most of the mills in other countries from which
the USAEC has purchased uranium have also benefitted materially from
this process development work., Metallurgical performance has been
improved to the point that 95% or higher recovery of the metal values
in the ores are commonly achieved, an improvement of 20% or more
over recoveries by earlier processing methods, At the same time, the
unit productivity of labour has increased several fold.

Table 1 shows the leaching and recovery methods in use at the
present time. Three of the plants employing resin-in-pulp as the primary
recovery process use a solvent extraction operation (Eluex) on the ion
exchange eluate.

Announced plans for installed generating capacity by the end of 1970
are in excess of 10000 MW, and the projection for 1980 is 80000 to
110000 MW. The amount of uranium needed to support such a programme
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through 1980 would be about 170000 tons. The annual requirement by
1980 would be at a level of about 27 000 tons. To meet this projected
growth in requirements, a rapid build-up in mining and milling activity
will be needed over the next few years, involving eventually a new genera-
tion of mines and mills,

The new mills can be expected to incorporate any improved techniques
that may be developed before the time design is decided upon and con-
struction is started. In addition, improvements in uranium ore processing
technology can also help to increase the available ore reserves. Further
attention is needed to the problems of treatment of low-grade resources
which have received little attention in the past. It is likely that the USAEC
will resume a somewhat more active role in ore processing research and
development work than it has had in recent years. We are interested in
gaining a better understanding of the basic reaction mechanisms in hydro
metallurgical operations which would permit better process control.
Uranium ore processing technology has improved greatly over the last
fifteen years, Nevertheless it is a field in which much further promising
research work could be done.

STATUS REPORT FROM YUGOSLAVIA

B. BUNII

INSTITUTE FOR TECHNOLOGY OF NUCLEAR AND OTHER
RAW MATERIALS,

BELGRADE, YUGOSLAVIA

The greater part of our activities is connected with the problem
of extracting uranium from' low-grade ores. In this paper, a brief review
of the most important recent developments will be presented.

In this connection, it may be useful to determine the definition of
low-grade ores, This term can be applied to ore from which the uranium
content cannot be extracted under normal economic conditions. Thus
this term can be applied to uranium-bearing material with a uranium
content of no more than 0.05%. But, in general, it could be said that
there is a very large range of uranium content where uranium extraction
may not be economic for such different reasons as; (a) the size or other
facts in connection with the orebodies themselves; (b) refractory ore;
or (c) other local conditions.,

During research on the treatment of low-grade ore from the deposit
at Gabrovnica (Stara Planina, Yugoslavia) it became apparent that an
alkaline leaching process would have to be carried out, The treatment of
this granitic type of ore causes no particular difficulties, The required
temperature is about 90°C. The retention time in the leaching stage is
from 4 to 12 hours. Sodium carbonate consumption is not higher than
15 kg /t of ore, Pachuca-type leaching shows satisfactory maintenance
and processing costs.

At Kalna uranium precipitation by means of hydrogen pressure
reduction has been developed, and is being developed and investigated
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in full-scale operation. Details of the process were published in Geneva

in 1963. On the basis of the experience gained from full-scale operation,
many refinements and cost-saving changes have been made. A normal
steel wire screen used as a catalyst carrier shows a very good improvement
over free-moving UOgy as catalyst, In large-scale operation (200 t/d),

after the precipitation of uranium the barren solution content is about

1 g U/m3. The content of the pregnant solution is of the order of

300- 600 g/m3, Recycling the barren solution has resulted in important
savings on reagent,

The overall economy compared under local conditions with ion-
exchange or solvent extraction is in favour of the reduction process,

Some research work on heap leaching and leaching in situ is included
in our activities. In connection with the conditions at Kalna it was
possible to carry out large-scale heap leaching and leaching in situ. The
former was carried out on waste rocks with a uranium content below
the cut-off grade.

To avoid solution losses, the surface area from the heap pile is
covered with thin plastic sheets. Good drainage from the bottom is
obtained by using perforated 10-in. asbestos-concrete pipes. The
technique of construction of the heap pile is as usual, and mostly depends
on local conditions. The heap leach pile is about 12 m high. The solution
retention time is about 8 days.

The barren solution from the reduction plant or mine water with a
uranium content in the range of 2 to 6 g/m3 is used for the heap leaching.
The pregnant solution is returned into the processing plant,

Because the heap leach pile obtained is practically without any charge,
the operating and the construction costs of the heap pile need only be in
balance with the value of the recovered uranium,

Investigation of bacterial leaching has shown some influence on the
leaching rate. The bacteria belonging to the Thiobacillus-Ferrobacillus
group were obtained from mine water, selected and cultivated., It seems
that the concentration of bacteria has some influence on the extraction
time and percentage of extracted uranium,and it can be said that the
application of bacteria in heap leaching and leaching in situ will in the
future be one of the most effective methods of uranium extraction from
ore that is below cut-off grade.
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URANIUM PROCESSING RESEARCH
IN AUSTRALIA

J.R. STEWART
AUSTRALIAN ATOMIC ENERGY COMMISSION,
COOGEE, N.S.W., AUSTRALIA

Abstract

URANIUM PROCESSING RESEARCH IN AUSTRALIA. Uranium processing research in Australia has
included studies of flotation, magnetic separation, gravity separation, heavy medium separation, atmospheric
leaching, multi-stage leaching, alkali leaching, solar heating of leach pulps, jigged-bed resin-in-pulp
and solvent-in-pulp extraction. Brief details of the results obtained are given. In general, it can be said
that gravity, magnetic and flotation methods are of limited usefulness in the treatment of Australian
uranium ores. Alkali leaching seldom gives satisfactory recoveries and multi-stage leaching is expensive.
Jigged-bed resin-in-pulp and packed tower solvent-in-pulp extraction systems both show promise, but
plant-scale development work is required. Bacterial leaching may be useful in the case of certain low-
grade ores. The main difficulties to be overcome, either singly or in combination, in the case of
Australian uranium ores not currently considered economically exploitable, are the extremely finely
divided state of the uranium mineral, the refractory nature of the uranium mineral and adverse effects due
to the gangue minerals present. With respect to known low-grade ores, it would be possible in only a few
cases to achieve satisfactory recovery of uranium at reasonable cost by standard treatment methods.

INTRODUCTION

As in most other countries, direct acid leaching of ore pulp followed
by ion exchange separation and precipitation of uranate concentrates was
the metallurgical process used initially in Australia for the treatment
of uranium ores. Details of this process are widely known and will not
be discussed further in this paper.

During the 1950's, when there was rapid development of the uranium
industry in Australia, research was carried out into a number of other
possible treatment processes., Although the results of much of this work
have been recorded in the literature, some of the publications concerned
are not widely available. It is therefore considered useful to present the
following summary of the major lines of investigation undertaken and the
results obtained.

FLOTATION

The physical concentration plant at Radium Hill, South Australia, was
the only uranium treatment plant in Australia which utilized flotation. In
this plant flotation was used to clean the davidite concentrates obtained
by heavy medium separation. A pilot-scale unit was constructed first to
test the process. In addition to heavy medium concentrates, a portion
of the minus 10 mesh (0.0660 in.) fraction of the ore was also included
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in the feed to the flotation cells. The overall results obtained on treat-
ment of 3096 tons! of feed were as follows:

Grade of feed 7.2 1b U3Og/ton
Grade of concentrate 18.3 1b U3Og/ton
Recovery in section 85% [1]

In the industrial plant, six banks of four-cell flotation units were
arranged as rougher and cleaner units. Reagents added per ton of flo-
tation feed were as follows:

Linseed fatty acids 2.5 1b

Fuel oil 10.0 1b
Peltogen 1.5 1b
Settling agent 0.01 1b
Cresylic acid 0.5 1b

Recovery in the section was 92% with a concentration ratio of 3:1 [2].

Considerable research effort was devoted to the possibility of using
the flotation method for pre-concentration of Australian uranium ores,
However, the very finely divided state of at least a portion of the uranium-
bearing mineral in most of the known ores resulted in flotation recoveries
not comparable with those obtained by direct leaching of the ore as mined.

The Commonwealth Scientific and Industrial Research Organization
(C.S.1.R.0.) conducted a comprehensive series of investigations on a
synthetic pitchblende ore and on two grades of natural pitchblende ore
from the Rockhole mine, South Alligator River area, N.T.

In view of the inconclusive nature of the results of pitchblende flota-
tion reported in the literature, it was decided to investigate first the
flotation of this mineral from a synthetic ore made up of clean, free
pitchblende and quartz, The various types of reagents for which success
had been claimed in the literature were tested on this synthetic ore in
a laboratory flotation cell. Of all the collectors tested, sodium oleate
gave the best results. With this reagent flotation was selective and rapid
in the pH range 6. 0- 7.0 and the recovery obtained (97. 5%) was close to
the maximum obtainable by any concentrating operation. Soaps of other
fatty acids did not show the same selectivity and results were not improved
by the addition of several commonly used gangue depressants. A wide
range of other surface active agents were tested, including resin soaps,
alkyl-aryl sulphonates, ester sulphonates, amide sulphonates, anionic
sulphates, anionic phosphates, sulphydric collectors and cationic collectors.
Only two of these — an ester sulphonate and a resin soap — were found to
be collectors for pitchblende, and they were not as effective as sodium
oleate,

The fact that some of the reagents tested did not function with the
success recorded in the literature may have been due to the fact that the
pitchblende tested by other workers occurred in composite particles with
other minerals, particularly iron-containing minerals. The reagents
concerned may well function as effective collectors of pitchblende in these
circumstances,

! All tons are long tons of 2240 1b unless otherwise stated.
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Further tests with sodium oleate on the effect of variations in feed
assay showed that the grade of the final concentrate varied with the feed
assay and that the rate of recovery of pitchblende increased from 83.2%
at 0.01% U30g to 95.1% at 0.69% Us Og and then dropped slightly to 83. 8%-
at 3.12% U30Og. It was also shown that recovery was fairly high over a
wide range of size fractions with the exception of the coarsest material
(over 211 um) where the particles were presumably too heavy to be readily
buoyed up by bubbles of the size produced in the laboratory flotation cell
used. The maximum recovery (97.3%) was reachedinthe region 30 - 40 um;
at 3.5 um recovery was still 62, 6%.

The work then proceeded on a sample of pitchblende ore from the
Rockhole mine assaying 0,78% U; Og. Ore of such high grade was selected
to ensure that the investigation could be conducted on material containing
a proportion of liberated pitchblende so that the effects characteristic of
the mineral itself could be distinguished from those dependent upon the
degree of liberation, which tend to mask all other effects in the treatment
of very low-grade ores.

Several of the most successful collectors found in the work on the
synthetic ore were tested. For ore deslimed at 10 um equivalent pitch-
blende size, a combination of a tall oil fatty acid and an ester sulphonate
was found to give 81.1% recovery after two stages of flotation. However,
this represented a recovery of only about 45% of the original ore due to
the fact that the slime contained as much pitchblende as the concentrate.
The grade of the slime was too low for it to be combined with the con-
centrate, so flotation tests were carried out on ore deslimed at various
sizes down to 1 um. With three-stage flotation the recoveries increased
from 49, 9% at 10 um to 68,6% at 1 um. Although the concentrate grade
did not alter significantly, the assay of the slime increased from 0. 85%
U30g to 1.18%. The product obtained by combining the concentrate with
the slime therefore increased in grade as the desliming size was reduced,
although overall uranium recovery was fairly constant at about 92% in
57% of the original weight until the 1 um desliming size where recovery
dropped slightly to 87.2%.

In the case of undeslimed ore, the efficiency of flotation was greatly
reduced. Only 39. 5% of the uranium could be recovered in 27.3% of the
original weight.

A further series of tests was carried out on ore deslimed at 1 um to
see if results could be improved. These involved increased grinding time,
increased collector additions and addition of gangue depressants. The
effect of desliming before grinding was also investigated. As the results
of these tests tended to approach each other in the vicinity of 70% overall
recovery irrespective of the flotation conditions, it appeared that the
degree of liberation of pitchblende, rather than the test conditions, was
the factor controlling the final recovery obtainable. Stage grinding was
therefore employed to reduce the size of the flotation feed to minus
200 mesh (0.0030 in.). This enabled the recovery to be increased to
a maximum of 81.3%. Because it appeared that the final 20% or so of
the pitchblende particles were locked up in composite particles, a typical
flotation tailing containing 0.26% U304z was sized and the size fractions
separated in tetrabromoethane. Most of the valuable mineral remained
in the float products and the constant assay of these in the size ranges
from 200 mesh down to 10 um indicated that the association of the minerals
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was very fine and that little liberation could be expected by further
grinding.

The conclusion that about 20% of the pitchblende was in a very fine
state of association with the gangue was supported by the study of auto-
radiographs which showed that areas of gangue in which no pitchblende
was visible under the microscope gave evidence of very finely dispersed
radioactive material.

Attempts were made to improve results with undeslimed ores to a
point where they were approximately equal to the best results obtainable
on deslimed ore (81.3% recovery in a concentrate containing 2.41% U; Og
and 26, 6% of the original weight). Emulsions containing kerosene appeared
promising but supplies of the ore grading 0. 78% U; Og had been exhausted
and the further test work was carried out on higher grade ore assaying
1.25% U50,.

For comparison purposes the higher grade ore was deslimed and
tested under the conditions which gave the optimum result with the lower
grade ore, The result in this case was a recovery of 81% of the total
uranium in a concentrate containing 5.4% UzOg and 18.7% of the original
weight.

The most satisfactory reagent combination for undeslimed higher
grade ore was a mixture containing a collector/emulsifier (sodium oleate
or sulphonated whale oil), a fatty acid (palmitic acid) and kerosene in
the proportion 1:1:1.2, Gangue depressants had little effect. The
best result achieved was the recovery of 80.4% of the uranium in a
concentrate containing 5.46% U3Og and 18. 4% of the original weight,

For all the flotation tests, the assay of the tailing was in the range
0.2-0.3% U3zOg. These tailings did not represent products which could
be discarded and flotation could not therefore be regarded as an alter-
native treatment method to leaching, where the tailing assay can be re-
duced to a much lower figure [3].

The C.S.I.R.0O. also carried out flotation tests on three samples
of Rum Jungle Creek South uranium ore assaying 0.08, 0.15 and 0.25%
U3 Og. The ore, comprising finely divided pitchblende in slate, was
tested with various combinations of reagents. In any one combination
the reagents used were: (a) a surface active agent soluble in water;

(b) a surface active agent only slightly soluble in water (a fatty acid); and
(c) a hydrocarbon oil (usually kerosene). The most selective separation
was achieved with a sodium alkyl sulphate, an unsaturated fatty acid

and kerosene., There was no improvement when different grinding times
were used or when the ore was stage ground. The response of the three
samples was such that up to about 60% of the uranium could be recovered
in a concentrate in which the enrichment ratio was 1.3 to 1.4, The
results were consistent with fine dissemination of a large proportion of
the valuable mineral and consequent limitation of the extent to which
concentration by flotation would be possible [4].

Testing at the University of Queensland of torbernite/clay ore from the
Milo deposit showed that recoveries of over 90% of the uranium were
possible with torbernite up to 52 mesh (0. 0116 in.) in size although
flotation at the coarser sizes was slower., The preliminary experimental
work suggested that an average recovery of 80 - 85% Uz Og would be
possible in concentrate grading 20 - 30% U3Og.
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Test work was also carried out at the University of Queensland on
ore from the Flat Tyre deposit, but even when the ore was finely ground
(50% minus 10 um) there was little difference between the uranium content
of the concentrate and the tailings.

Experiments with a more theoretical bias were carried out at the
University of Melbourne to investigate the flotation behaviour of small
particles of pitchblende by means of the bubble pick-up technique. The
reagents tested, under varying conditions of pH and temperature, were
diethyldithiocarbamate and dodecylamine [5].

MAGNETIC SEPARATION

Laboratory studies carried out by the South Australian Department
of Mines on the davidite ore from the Radium Hill deposit showed that
magnetic separation might offer a possible treatment method. Because
of the lack of water at Radium Hill and the urgent necessity to produce
concentrate in ton lots for testing, it was decided to install a pilot scale
magnetic separation machine with a capacity of 1 to 2 tons of concentrate
per day.

During the period of operation, 1015 tons were treated with the
following results:

Ore grade 4,08 1b U3Og /ton
Concentrate grade 16.1 1b UgOg /ton
Recovery 60%

The grade of concentrate produced was almost directly proportional to the
grade of feed, but recovery was largely governed by the moisture content
of the feed. No difficulties were encountered with dry ore from surface
dumps, but with ore fromunderground, extraction fell rapidly when the
moisture content of the ore exceeded 2% [1, 5, 6].

At a later stage, following the installation of a heavy medium separa-
tion unit for plus 10 mesh ore, the minus 10 mesh fraction of the ore was
fed to the magnetic section. These fines contained most of the moisture

present in the ore delivered from the mine and the results obtained were
very poor, viz:
Feed 127 tons at 2.3 1b U304 /ton
Concentrates 14,2 tons at 6.4 1b U3Og/ton
Recovery 31% [1]

In connection with the operations of the United Uranium N. L. in the
South Alligator River area, N.T., the C.S.I.R.O. tested a sample of
uranium table concentrate assaying 36% U3Og by magnetic separation’
to endeavour to remove the principal gangue minerals — haematite,
limonite and pyrite —and produce a concentrate meeting the specification
minimum of 50% Us Og content.

The tests were carried out on the concentrate as received, and also

" after roasting. The purpose of roasting was to convert the haematite

into magnetite and so improve the efficiency of magnetic separation.
Sized and unsized feed was tested in each case. Concentrates of over
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50% grade were obtained without roasting after the feed was split into

two or more size fractions but sizing was not necessary to produce
concentrates of this grade when roasting at 550°C preceded magnetic
separation. Despite the fact that roasting improved the grade of con-
centrate obtainable, this was not due to an improvement in the magnetic
results but rather to calcination of carbonate minerals and dehydration [7].

The C.S.1.R. O. also tested a sample of ore from Milestone, N.T.,
containing 0.96% U; O, as pitchblende in haematite. This material had
been rejected after hand sorting of the highest grade ore for shipment
to the Rum Jungle plant. It was found that 62% of the uranium could be
recovered in 1. 9% of the original weight by a combination of gravity and
magnetic concentration after crushing to 14 mesh (0, 0474 in.). A further
12% could be recovered in a middling with an assay of about twice the
head value but this middling would not respond well to retreatment. The
reject material would still contain 0.3% U3Og. The inclusion of the
magnetic concentration step resulted in worthwhile up-grading of the
table concentrate with relatively little loss of available uranium — 92%
of the uranium in the table concentrate was recovered in about 48% of
the weight [8].

Magnetic separation tests were carried out on ores from Mary Kathleen,
Anderson's Lode, Skal and Flat Tyre deposits in the Mt, Isa district,
Queensland, but without success, The Flat Tyre ore, in particular,
contained a considerable quantity of magnetite and an attempt was made
to remove this by wet magnetic separation. However, no effective
concentration of the uranium was possible [9-11].

GRAVITY SEPARATION

Gravity separation was used on a plant scale by only one Australian
uranium producer. This producer (United Uranium N. L.) worked a number
of small, rich uranium deposits in the South Alligator River area, N.T.,
and at one stage held a contract for delivery of pitchblende concentrates
with a minimum Uz Og content of 50%. Tests carried out by the South
Australian Mines Department showed that, after initial hand sorting of
massive pitchblende, satisfactory concentrates could be recovered from
the remainder of the high-grade ore from the El Sherana deposit using a
jig and gravity table concentration plant, This plant produced 167. 8 short
tons of pitchblende concentrates and 4600 tons of residues assaying 0.7%
Uz Og [12]. (Later on, the Company constructed a chemical treatment
plant of the usual kind.)

Ore from the Milestone deposit, N.T., consisting of pitchblende in
haematite and containing 0, 96% U30Og was tested by the C.S.1.R. O. to see
if it could be concentrated by gravity methods because of the small size
of the deposit and its very remote location. As mentioned in the section
on magnetic concentration, it was found necessary to subject the gravity
concentrate to magnetic treatment to obtain the best result. Overall, it
was found possible to recover 62% of the uranium in 1, 9% of the original
weight, With ore from the same deposit containing 14.8% U30g, 60% of
the uranium was recovered in 20% of the original weight in a simple
tabling test after reduction to minus 35 mesh (0.0164 in.). A further
23% was recovered in a high-grade middling. However, the tailing was
still of high grade, viz. 2,3% U3Og [8, 13].
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Attempts were made to concentrate ore from the Milo deposit,
Queensland, by gravity separation, This ore consisted of torbernite
flakes in clayey material, Some concentration was achieved but tailing
losses were high., This was due partly to the platey shape of the grains
of torbernite which tended to slide down the concentrating deck and be
carried into the tails.

All other attempts to use gravity separation methods proved unsuccess-
ful. For example, the C.S.I1.R.O. tested ore from Mary Kathleen,
Anderson's Lode and the Skal Lease in the Mt, Isa district, Queensland,
but very little separation could be effected. Work at the University of
Queensland showed that no effective concentration of the very finely
divided uranium mineral present was possible in the case of ore from
the Flat Tyre deposit {9 - 11].

HEAVY MEDIUM SEPARATION

Visual examination of ore from the Radium Hill deposit, South
Australia, showed that much of the uranium-bearing mineral (davidite)
occurred as quite large grains associated with quartz and biotite.
Laboratory experiments demonstrated that the heavy medium separation
process was suitable for Radium Hill ore in the size range 0.25-1 in,
More than half the ore could be rejected as a residue and the remaining
concentrate could then be further cleaned by flotation, Pilot-scale
equipment was installed at the mine to check the laboratory results.

In Table I the laboratory and pilot-scale results are compared.

TABLE I. COMPARISON OF LABORATORY ESTIMATES
AND PILOT PLANT RESULTS

Laboratory estimate Pilot plant results
Feed 5.2 1b Uy O, /ton 2.04 1b U304 /ton
Concentrate 15.6 1b U; 0, /ton 7.53 1b U3O4 /ton
Recovery 90% 87% [1]

Following the pilot-scale testing, a full-scale plant was constructed
at Radium Hill, Run-of-mine ore was crushed to 1 in. and, after washing
and screening, plus 10 mesh material was delivered to a heavy medium
separation unit using an aqueous ferrosilicon suspension having a specific
gravity of 2, 83. Approximately 91% of the uranium was recovered in the
heavy medium concentrate; the ratio of concentration was 3.6:1. A
specific gravity differentialof 0. 10 - 0. 15 was maintained between the
top and bottom of the separation vessel to ensure well defined sink and
float products. Consumption of ferrosilicon was 0.38 lb/ton of plus 10
mesh material treated [5].
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RADIOMETRIC SORTING

The occurrence of ore-grade mineralization in the Mary Kathleen
deposit in Queensland is highly irregular and therefore it was necessary
to employ very strict selective mining practices to maintain a satisfactory
grade of ore to the mill. Despite the great care exercised in the mine,
it became apparent at an early stage that the ore fed to the mill contained
an appreciable tonnage of waste or very low-grade material.

Gravity and flotation methods of pre-concentration proved unsuccess-
ful. Visual hand sorting was also considered but, although some waste
rock could be readily recognized, the size of an adequate hand-sorting plant
and the low efficiency of such a plant were not economically attractive.

Close investigation of the uranium values in the +3-in, fraction of
the discharge from the primary jaw crusher showed that there was a
considerable concentration of weight in the assay range less than 0. 04%
UsOg, very little in the range 0.04 - 0, 10%, and good concentration of
weight in the assay range above 0.10%. These results showed that the
grade of ore delivered to the mill was controlled by the amount of waste
present rather than by the presence of lower grade ore. Test work in-
dicated a 50% rejection of plus 3-in. material, equivalent to discard of
30-33% of run-of-mine ore [14].

Four electronic sorter units were installed in parallel, giving a
total sorting capacity of 160 ton/h. Rejection achieved in practice was
of the order of 31% of the initial crusher feed, i.e. 31% of the ore as
delivered from the mine [15].

LEACHING INVESTIGATIONS

During the course of investigations into possible treatment processes
for Australian uranium ores, variations in the normal acid leaching
procedures were tested. In addition, alkaline leaching and multi-stage
leaching were also tried in particular cases.

The tests quoted in Table II, which were carried out under Mary
Kathleen leaching conditions at pH 1.7, show the unsuitability of normal
acid leaching in the case of many Queensland ores,

During research on treatment of certain of these Queensland ores
it became apparent that in any satisfactory flow sheet the leaching process
would have to be carried out at elevated temperatures. In the case of
Anderson's Lode, the temperature required would be approximately
140°F for acid leaching, or 230 - 300°F for carbonate leaching. The
possibility of using solar radiation to heat the leach pulps was therefore
investigated.

In the case of acid leaching of Anderson's Lode ore, at a throughput
of 500 ton/d, an absorber area of 80000 ft2 would be required assuming a
solar radiation of 2000 Btu/ft2 of absorber area per day and a conversion
efficiency of 50%. These assumptions are probably conservative and the
absorber area required might well be significantly less than the figure
quoted.

Although preliminarv investigations only have been carried out to
date, solar heating appears to offer considerable promise for cost saving
where leach pulps must be heated above ambient temperatures,
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TABLE II. ACID LEACHING TEST RESULTS

Name of lease Sample grade Acid consumption Recovery
(% U404) (1b/ton) (%)
Mighty Glare 0.165 65 51
Dalveen 0.101 50 37
Carol 0.075 410 22
Lucky Dot 0.355 2115 13
Big Dip 0.54 655 9
Leftover 0.155 360 5
Duke 0.895 555 2
Batrnan 0.19 570 0
Future 0.11 330 0

Laboratory and field tests have been carried out to determine the
degree of atmospheric leaching of uranium ores left exposed in the
monsoonal wet season of North Australia.

As a laboratory test, South Alligator River area pitchblende was
crushed to minus 10 mesh and contacted with distilled water, both alone
and in the presence of pyrite. After seven days, concentrations of
uranium in excess of 1000 ppm were recorded. After two months, the
water in contact with pitchblende alone showed a uranium concentration
of 3800 ppm, while the water in contact with the pitchblende/pyrite
mixture showed a uranium concentration of 6500 ppm.

It has been demonstrated on several occasions that heaps of ores
containing pitchblende or secondary uranium minerals may lose up to
30%, and even more, of their uranium content in a single wet season
if left exposed.

Tests have been carried out by the Australian Mineral Development
Laboratories on the possibility of heap leaching of low-grade Rum Jungle
ores., These tests, which were discontinued before leaching was com-
plete, proved that heap leaching would probably be technically feasible,
but further testing under actual operating conditions would be necessary
to assess the economics of the process. Recirculation of the leach
liquors would probably not be possible due to build-up of the concentration
of phosphate.

Little work has been done to date in Australia on the role of bacteria |
in_heap leaching of uranium ores but recently some experiments have
been commenced at the University of New South Wales, Results are not
yet available.

RESIN-IN-PULP

During the period 1954 - 57, the C.S,I.R.O. developed a high efficiency
Jjigged-bed ion exchange extraction unit for uranium recovery. Slimes
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at a pulp density between 20 and 30%, depending on the characteristics of
the ore, were pumped upwards through a column containing a floating bed
of a special coarse-size ion exchange resin held against a screen across
the top of the column by the flow of pulp. Blockage of the bed and the
screen were prevented by a slow, gentle pulsation applied to the flow of
pulp. To reduce the size of the plant the operation was made continuous,
Eluted resin was fed to the top of the column, and uranium-loaded resin
was taken from the base of the bed, washed and eluted in a separate
system [5]. (The loaded resin, being heavier than unloaded resin, sinks
to the bottom of the bed.)

A 4-ft diameter adsorber in counter-current series with an elution
vessel 2 ft 6 in. in diameter and 12 ft high was constructed at Rum Jungle,
N.T., for full-scale test work on ore from Dyson's. mine, which contained
a high percentage of clay and was difficult to settle or filter. The 4-ft
prototype unit was capable of producing 480 1b of uranium oxide per day
from a pulp flow of 25 gal/min at a concentration of 1.3 g UzOg/litre.
Although the full-scale unit performed quite well, unpredictable blockages
occurred in the adsorber section and further development of the unit
would be necessary before it could be considered suitable for industrial use.

In general, the easier an ore is to treat by conventional methods,
the easier it could be handled by the jigged-bed process, but the margin
for possible savings would be less. For a slimy, viscous ore, the savings
in pulp preparation would be high and in the ion exchange step the cost
of the jigged-bed process would be only slightly higher than that of the
conventional process [16, 17].

SOLVENT EXTRACTION

The first uranium chemical treatment plants used the ion exchange
process for the recovery of uranium from leach liquors. The rapid growth
in the use of solvent extraction resulted from the development of extractants
enabling high distribution coefficients to be obtained from sulphate solu-
tions. Capital cost is lower than in the case of the ion exchange process
and solvent extraction also offers the advantages of a simple continuous
process with improved selectivity.

The cut-off point between ion exchange and solvent extraction in
uranium recovery is difficult to determine because it depends on a number
of factors, such as the uranium content of the liquor, the effect of other
metal ions present and also local conditions not related to the plant itself.
Normally, solvent extraction would be more suitable for small volumes
of comparatively rich liquor. Large quantities of low-grade liquor can
be more economically treated by ion exchange. Stream pollution can
also create serious problems in the case of plants using solvent ex-
traction [17].

The first plant in Australia to use solvent extraction on an industrial
scale was that of United Uranium N.L., at Moline, N.T. It employed
mixer-settlers, and comprised four stages of extraction, three stages
of chloride stripping and one stage of secondary carbonate stripping.

The solvent was a 5% solution of tri(iso-octyl)amine in kerosene modified
with 4% of a long chain alcohol; the stripping reagent was a molar solution
of sodium chloride., It was necessary to remove continuously the build-up
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of molybdenum, which was present in the leach liquor at a concentration
of 1 ppm, by giving 10% of the stripped solvent a 'clean-up wash' by con-
tacting it with sodium carbonate solution. The performance and control
of the industrial plant proved satisfactory. 99.7% of the uranium was
recovered for the loss of 0.3 gal of kerosene and 0.4 lb of amine per
1000 gal of liquor treated [18].

Later, solvent extraction was used by South Alligator Uranium N. L.
in the South Alligator River area, and at Rum Jungle.

SOLVENT EXTRACTION-IN-PULP

As mentioned previously, severe difficulties were encountered in the
endeavour to develop suitable treatment processes for a number of ores
occurring in the Mt. Isa district of Queensland, Comprehensive investiga-
tions on the ore from Anderson's Lode showed that the most promising
treatment process would require several stages of acid leaching at 60°C
with extraction of uranium between stages. Although the extraction steps
between stages could be carried out using counter-current decantation
and conventional solvent extraction, this would involve an economically
unacceptable loss of heat between the leaching stages. It was apparent,
therefore, that it would be necessary to try and develop a solvent-in-pulp
exiraction method. An investigation of possible solvent-in-pulp systems
was therefore carried out by the Department of Mining and Metallurgical
Engineering, University of Queensland. As all attempts to use mixer-
settlers and pulse columns had resulted in the formation of excessive
quantities of emulsion and consequent high solvent losses, experiments
were carried out using packed towers filled with regular grid packings,

The original experimental tower was 4-in. square by 6 ft high, Later
a 12-ft tower with the same cross-sectional area was constructed. The
solvent used consisted of a 5% solution of di-2-ethyl-hexyl phosphoric
acid in kerosene, modified with 5% of tri-butyl phosphate, With a feed
rate of 4 litre/min of leached pulp to the larger tower, 96. 8% of the
uranium was recovered for losses of 1,35 litre of kerosene, 0.095 litre
of di-2-ethyl-hexyl phosphoric acid and 0,155 litre of tri-butyl phosphate
per metric ton of solids treated.

The results were promising but considerable further developmental
work would be required before a commercial plant could be designed,

CONCLUSIONS

As a result of the work outlined above, it can be said that, in general,
gravity, magnetic and flotation methods are of limited usefulness in the
treatment of known Australian uranium ores. Alkali leaching seldom
gives satisfactory recoveries and multi-stage leaching is expensive,
Jigged-bed resin-in-pulp and packed tower solvent-in-pulp extraction
systems both show promise, but plant-scale development work is required.
Bacterial leaching may be useful in the future in the case of certain
low-grade ores. The main difficulties to be overcome, either singly
or in combination, in the case of Australian uranium ores not currently
considered economically exploitable, are the extremely finely divided
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state of the uranium mineral, the refractory nature of the uranium
mineral and adverse effects due to the gangue minerals present. With
respect to known low-grade ores, it would be possible in only a few
cases to achieve satisfactory recovery of uranium at reasonable cost by
standard treatment methods.
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Abstract

RECENT DEVELOPMENTS IN THE TREATMENT OF URANIUM ORES FROM THE ELLIOT LAKE
DISTRICT. A summary of the results obtained during investigations on the treatment of uranium ores from
the Elliot Lake district in the laboratories of the Mines Branch, and of developments in operating procedures
introduced in the uranium mills in the Elliot Lake district, is presented.

Concentration of Elliot Lake ore on a pilot-plant scale by a combined gravity-flotation procedure
yielded a 90% recovery of uranium at a ratio of concentration of 2.4 to 1. 0. The mineralogical composition
of the ore, the flow sheet used and the reagents employed are described. An approximate cost estimate
indicates that, although the capacity of an existing uranium leaching plant would be doubled by introducing
the procedure, the production cost per pound of U,0, would not be affected. Bacterial leaching of Elliot
Lake ore on a laboratory scale yielded, under favourable conditions, extractions of 90 per cent in 5 weeks,
and of 95 per cent in 15 weeks. The conditions that were found to influence the leaching results are outlined,
and the effects of the leaching solutions are discussed. The purification of ion exchange eluates by liquid-
liquid extraction, using tri-n-butyl phosphate, dibutyl butylphosphonate and tri-capryl amine in a
continuous process, yielded solutions from which refined ammonium diuranate was precipitated using
gaseous ammonia. The effectiveness of the three extractants is discussed, and the effects of the procedures
employed on the production costs per pound of U,0, is estimated. Some improvements in operating
procedures introduced in the Elliot Lake district uranium mills are briefly described, and their effects on
the operations are indicated. Present methods of controlling radiological pollution of drainage waters by
uranium mill tailings are outlined.

INTRODUCTION

Although uranium was first mined in Canada in 1933 at Port Radium
in the North West Territories, only gravity concentrates were chemi-
cally treated at that time, a nitric acid leaching process being employed.
When the importance and value of uranium became clear as a result of
war-time developments, a method for treating the comparatively low-
grade mine tailings was sought, and in 1947, as a result of collaboration
between the Mines Branch and Eldorado Mining and Refining Ltd., the
dilute sulphuric acid process for uranium extraction was developed in
the Mines Branch laboratories. When it was demonstrated that this
process, with minor modifications, was effective when used on Elliot
Lake ores, all the mills in the Elliot Lake district adopted it. Encouraged
by government contracts for the purchase of uranium concentrates, the
mining companies in the Elliot Lake district brought their mines and mills
into production as quickly as possible, the last one coming into operation
in 1958.

In outline the process consists of three steps; a dilute sulphuric acid
leach of the whole ore, followed by ion exchange to concentrate and purify
the uranium and then treatment of the ion exchange eluate with ammonia,
caustic soda or magnesia to precipitate a uranium salt.

79
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Although only three of the original eleven uranium mills are now
in operation, research and development work on uranium ore treatment
has been pursued almost continuously both in the Mines Branch labora-
tories at Ottawa and in the operating plants. In this paper a brief review
of the most significant recent developments will be presented. The
first three parts of the paper will discuss laboratory and pilot plants
work on Elliot Lake ores that was conducted in the Mines Branch
laboratories; these ores have received our principal attention since
they comprise over 90% of the known Canadian reserves of uranium.
The fourth and last part of the paper will discuss developments in
uranium ore treatment procedures that have been made by the mining
companies at Elliot Lake.

DEVELOPMENTS IN THE MINES BRANCH LABORATORIES

I. Flotation concentration of Elliot Lake uranium ores [1]

The Elliot Lake ores are essentially a quartz-pebble conglomerate,
with the uranium minerals occurring in the matrix.’ The ratio of pebbles
to matrix is approximately 2 to 1. The matrix consists principally of
quartz, sericite, feldspar, chlorite, pyrite, pyrrhotite, and the uranium-
containing minerals brannerite, uraninite and monazite, with minor amounts
of thucholite, coffinite, pitchblende and uranothorite. The intergrowths
and the fine dissemination of the uranium minerals present serious prob-
lems when one attempts to make a reasonable recovery of uranium, with-
out carrying with the uranium substantial quantities of gangue minerals.

These ores when ground produce moderate amounts of slimes, the
amounts depending on the fineness of grind. In the investigation it was
found that the slimes interfered with the flotation, and thus it was
necessary to deslime before further treatment. Since the slimes con-
tained uranium in about the same concentration as did the original ore,
the slimes could not be discarded, but were eventually added to the
concentrate.

The paper referred to describes both an all-flotation procedure and
a combined gravity-flotation procedure. The combined procedure gave
the best results; it was operated continuously at the rate of 500 lb/h,
and consisted in its final form of the following steps:

(1) Grind in ball mill to 55% minus 200 mesh

(2) Pass the ground product over a Humphrey spiral to obtain three
products: (a) slimes, which became part of the final concentrate,

(b) a heavy material which became part of the final concentrate, and
(c) a middlings, which went to flotation

(3) Dewater in a cone

(4) Condition and float with Acintol FA-1 as collector, cresylic
acid and kerosene as frothers, sodium carbonate as pH regulator, and
sodium silicate and gelatin as gangue depressants, to produce a concen-
trate which became part of the final concentrate, and a tailing

(5) Pass the flotation tailing over a Humphrey spiral to produce
(a) a heavy material which was added to the final concentrate, and
(b) a final tailing.
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The ore fed to this circuit contained 0.16% U3QOs. At a ratio of
concentration of 2.4:1, recovery of uranium in the final concentrate
was 90%, the concentrate containing 0.35% UsOg (calculated) and the
tailing 0.028% UsOs. At a ratio of concentration of 3.3:1, recovery of
uranium in the final concentrate was 85.6%, the concentrate containing
0.46% U30sg (calculated) and the tailing 0.031% U3Os.

The paper from which these results are taken contains a calculation
showing that using mining and milling costs appropriate to Canadian
conditions and valuing uranium at $5.00/1b U3 Os, the value of the
uranium lost in the concentration procedure described exceeds the
saving to be obtained by employing the process. However, it has been
suggested that it would be preferable to value the uranium lost in the
concentration procedure at the cost of replacing it from the mine. On
this basis, assuming mining costs of $4.50 per ton, crushing and grinding
at $0.70 per ton, concentration at $0.70 per ton and hydrometallurgy
(leaching and recovery) at $2.80 per ton, with an extraction of 94% from
either whole ore or concentrate, the following costs per pound of UzOg
produced can be calculated:

Cost
Procedure ($/1b U30g)
Leaching whole ore $2.66

Concentration, ratio of concentration
2.4:1, recovery 90%, $2.61

Concentration, ratio of concentration
3.3:1, recovery 85.6% $2.62

While this is an approximate calculation only, it suggests that the
production costs of U3Og from Elliot Lake ores would not be reduced
by introducing the concentration procedure described.

Although these results do not promise any reduction in production
costs of UgOg by using the combined gravity-flotation process, the
results do indicate that the size of future uranium leaching plants
might be reduced to something less than one half that of the present
leaching plants. In addition, it must be remembered that the calculation
given above provides for the mining, crushing and grinding costs of the
uranium in the concentration plant tailings. ' If a low-cost means of
recovering this 10% of the uranium can be found, an overall economic
advantage in employing the gravity-flotation procedure might result. ‘A
method that may turn out to be low in cost is discussed in the next section
of this paper.

II. The application of bacterial leaching to Elliot Lake ores [2]

When Elliot Lake uranium ores are crushed and brought into contact
with air and water in the presence of bacteria belonging to the
Ferrobacillus-Thiobacillus group, the sulphides in the ore are oxidized
to form ferric sulphate and sulphuric acid. These reagents are effective
in leaching the uranium from the ore, extractions of from 50% to over
90% having been obtained in our laboratory investigations. The principal
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variable affecting the leaching action is the particle size of the material
being treated; there is some reason to believe that extractions approxi-
mating 90% would be obtained using coarse ore, if sufficient time were
allowed. :

The bacterial strains used in this work are indigenous to the Elliot
Lake mines, and were obtained from mine waters. They are thus adapted
to conditions resulting from the interaction of ore, moisture and air,
Our experiments did not disclose any tendency for their activity to be
inhibited by the presence of uranium or other heavy metals at the con-
centrations that were developed in the leaching solutions, nor by acidities
down to pH 1.3.

In our investigation the bacteria-bearing solutions were brought into
contact with the ore by percolation leaching, and for this to be effective
the slimes had to be removed. The finest ore tested was minus 14 mesh
plus 20 mesh; from this material, experiments showed that 90% of the
uranium was extracted in 5 weeks, and over 95% in 15 weeks. The
next coarsest fraction tested was minus 8 mesh plus 14 mesh; from
this material, experiments showed that, on the average, approximately
90% of the uranium was extracted in 15 weeks. The next coarsest
fraction tested was minus 4 mesh plus 8 mesh; from this material,
experiments showed that, on the average, approximately 77% of the
uranium was extracted in 15 weeks. The coarsest fraction tested was
minus 1 inch plus 4 mesh; from this material, experiments showed
that, on the average, approximately 50% of the uranium was extracted
in 15 weeks.

While the rate of uranium extraction was markedly reduced as the
particle size of the ore being leached increased, it is notable that, even
with the minus 1 inch plus 4 mesh fraction, the uranium was still being
extracted, although slowly, at the end of the fifteenth week. Indeed, an
experiment with this coarse fraction was continued for thirty weeks, by
which time the extraction had risen to 75%, and was still rising. It is
obvious that bacterial leaching not only extracted exposed uranium, but
was capable of penetrating into particles of ores.

When the percentage of uranium extracted was plotted against the
logarithm of the leaching time, it was found possible to represent the
results by straight lines, showing that the rate of uranium extraction
decreased logarithmically. This logarithmic relationship appeared to
hold for all sizes of material tested. These results suggest that it may
be difficult to set a limit on the size of material that can be effectively
treated by bacterial leaching, provided sufficient leaching time is allowed.

While bacterial leaching of Elliot Lake ore took place spontaneously
when ore, air, water and bacteria were brought together, the leaching
rate of the coarser sizes was increased when ferrous sulphate, ammonium
sulphate and potassium orthophosphate, up to concentrations of 1.0 g
Fe/litre, 3.0 g (NH4)9SO4/litre and 0.5 g KoH POy /litre, were added to
the water. The details of these additions and their effects are described
in Ref.[2]. The consumption of these reagents would probably be much
reduced if the leaching solutions could be recycled after being stripped
of uranium. However, we have not so far experimented with recycled
stripped solutions for bacterial leaching.

Flotation tailings and float products from sink-float investigations
were also investigated for their amenability to bacterial leaching. The
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flotation tailings were deslimedfirst, 6% by weight of pyrite was added
to replace the sulphides removed by flotation, and ammonium sulphate,
potassium orthophosphate and ferric sulphate were added to the water
employed; under these conditions 90% of the uranium was extracted in
eléven weeks. The float product did not respond so well, as only 42%
of the uranium was extracted in 29 weeks. This slow extraction is
partly because the material was coarser than the flotation tailings,
having been crushed to minus 4 mesh, and probably partly because it
contained only 1.2% of pyrite, so that the leaching solutions did not
develop the desirable concentrations of iron and sulphuric acid.

Mineralogical examination of residues from bacterial leaching
indicated that uraninite, brannerite and thucholite were attacked by
the leaching solutions, whereas monazite and coffinite were un-
attacked. The examination confirmed a result that had been deduced
from the leaching experiments, namely that the leaching action was able
to penetrate into the ore particles.

III. Treatment of uranium leaching plant solutions by liquid-liquid
extraction [3]

All the uranium leaching plants based on Elliot Lake ores used, or
are using, sulphuric acid leaching followed by ion exchange. The ion
exchange resin is eluted with a nitric acid-nitrate mixture, the eluate
being treated with lime to pH 3.0 to precipitate most of the iron and
sulphate, and then with ammonia to precipitate ammonium diuranate
relatively free of iron, thorium, phosphates or halides. This diuranate
is shipped to a refinery for further processing.

In the Canadian refinery of Eldorado Mining and Refining Litd., the
ammonium diuranate is dissolved in nitric acid and the uranyl nitrate is
extracted with 25% tri-n-butyl phosphate (TBP) in kerosene, followed
by stripping with water. The water strip is then treated with ammonia
to precipitate refined ammonium diuranate.

It is evident that, if the ion exchange eluates could be effectively
purified, the treatment with ammonia would precipitate a refined
ammonium diuranate directly, and that this would eliminate the precipi-
tation, drying and the packaging of the unrefined ammonium diuranate.
Accordingly, an investigation was made of the feasibility, cost and
adaptability of three liquid-liquid extraction processes as applied to ion
exchange eluates. The eluates, with the one exception noted below, were
obtained from two leaching plants operating in the Elliot Lake district.

In the purification of nitrate eluates the principal process variables
are the acidity, the nitrate content, and the sulphate content. These
variables are controllable in the plant by controlling the additions of
lime to the eluate prior to liquid-liquid extraction, and also by making
adjustments to the composition of the eluting solution before recycling
it to ion exchange. In this investigation, only conditions that could be
realized in practice at reasonable cost were studied as a continuous
process. The circuit was operated for from six to seven solvent replace-~
ments. The nitrate eluates contained 15 g UgOg/litre, and were re-
duced to 0.1 g U3Og/litre, a concentration that would permit efficient
elution when the eluate was recycled.
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Using TBP as a solvent, it was noted that the distribution coefficient
was improved as the nitric acid content of the eluate was raised, and
also as the sulphate content was lowered. The conditions chosen for
continuous operation were HNO; 1.2 N, total NO3 3.1 N, SO%70.5 N.
Under these conditions five extraction stages were necessary to reduce
the content of the eluate to 0.1 g U3Og/litre. Stripping was effected
with water, and required only four stages.

Two alkylphosphonates were also considered as solvents, dibutyl
butyl-phosphonate (DBBP) and di-2 ethylhexyl 2 ethylhexyl phosphonate
(DEEP). Both of these solvents exhibit satisfactory distribution
coefficients at much lower nitric acid levels than does TBP, and these
distribution  coefficients are not greatly disturbed by changes in sulphate
levels. Of the two solvents DBBP was chosen for investigation in
continuous operation, because its capacity is almost double that of DEEP
and its extraction coefficient at low concentration is about 23 times
higher.

Using DBBP with conditions adjusted to HNOz 0.4 N, total NOg
0.2 N and SO4 ‘N, only four extraction stages were necessary to reduce
the content of the eluate to 0.1 g UsOg/litre. On the other hand, water
was a relatively poor stripping agent. Effective stripping was obtained,
however, in four stages, using an 8% solution of ammonium sulphate.

Sulphuric acid can be used in place of nitric acid as an eluant for
uranium. Its disadvantage with respect to nitric acid is that it does
not produce an eluate with as high a content of uranium. However, it
has two advantages over nitric acid, in that it is cheaper and in that
the barren sulphuric acid can be used in the leaching operation, re-
placing fresh sulphuric acid. In view of these advantages, it was decided
to prepare some sulphuric acid eluate in the Mines Branch pilot plant,
using Elliot Liake ore as a source of uranium, and to investigate the use

of tri-capryl amine (TCP) as a solvent.

Using TCP and an eluate containing 5.47 g UsOg/litre and 0.95 M
Hy,S50,, only three extraction stages were necessary to reduce the eluate
to less than 0.2 g UgOg/litre, an acceptable figure if the barren eluate
is to be sent to the leaching operation. For effective stripping a 15%
solution of ammonium sulphate and four stages were needed, with the
pH in the stripping section controlled close to a value of 7.0,

Following these extraction and stripping investigations, the ammonium
diuranate was precipitated from the stripping solutions with gaseous
ammonia to study the effects of pH, temperature and ammonia gas
dilution on the filtering and washing of the ammonium diuranate and on
its subsequent reduction and sintering to UOg. Details of these proce-
dures are given in the paper referred to. The purity of the refined
ammonium diuranate was comparable to, or closely met, refinery
specifications, except that when refining with TBP the thorium was
100 ppm instead of the specification of 50 ppm, and that when refining
with TCA the molybdenum was 200 ppm instead of the specification
of 1 ppm.

The continuous operation of the refining procedures enabled reagent
consumptions and costs to be calculated for the three processes. These
have been calculated as costs over and above the cost of producing crude
ammonium diuranate. These are as follows:
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Reagent cost

Refining process ($/1b UsOg)

TBP 0.21
DBBP 0.03
TCA -0.11

The reagent cost for TCA is shown as a negative cost, that is, as a
saving. This results from the fact that the sulphuric acid used for the
elution, which would eventually be used in the leaching process, re-
places all the nitric acid and lime used in the current process producing
crude ammonium diuranate, Solvent losses were not determined for
TBP, but amounted to 0.006 lb/lb U30g for DBBP, and were too low
to determine for TCA.

This investigation was intended to provide a basis for development
work by individual uranium-producing companies. The work indicates
(1) that refining with TBP would be the most expensive, and that the
refined ammonium diuranate may be above specifications with respect
to thorium; (2) thatrefining with DBBP would add little to current
costs, and would yield the purest product; and (3) that refining with
TCA is the most economical, but that molybdenum might present a
problem. It should also be noted that refining with TCA would be done
in an open circuit, which would prevent the build-up of impurities, and
that it obviates the necessity for disposal of nitrate-bearing solutions.
However, the uranium content of the refining circuit is much lower
than with the other extractants, hence the volumes of the solutions
handled would be larger.

DEVELOPMENTS BY THE ELLIOT LAKE MINING COMPANIES

I. Improvements in the conventional acid leaching process

The basic process as originally laid out, has withstood the test of
time. However the operators of the mills have introduced improvements
that in sum, have resulted in a substantial reduction in operating costs.
Some of the more significant of these improvements are listed below:

(1) Pebble grinding has replaced grinding with steel in the fine
grinding mills, the original ball mills having been either lengthened or
replaced. This conversion has reduced grinding costs, and in addition,
because grinding steel consumes reagents in the leaching operation, has
reduced leaching costs.

(2) The leaching temperature has been raised to 70°C and the pulp
density in the leaching pachucas has been raised to 75% solids. The
effect of these changes has been to reduce the consumption of sulphuric
acid per ton of ore treated. The increased pulp density is obtained by
filtering a part of the feed to the leaching pachucas.

(3) At one plant, now shut down because of lack of markets for
uranium, sulphuric acid consumption per ton of ore treated was reduced
by two-stage leaching. In this circuit, fresh ore was leached in the
first stage by strong acid solution from the second stage, to produce a
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weakly acid pregnant solution. In the second stage the first stage
residue was re-leached with fresh acid to produce a residue for discard
and a strong acid solution for the first stage. This circuit provided

the best utilization of the sulphuric acid, but filtration costs were
higher than when single stage leaching was used.

(4) Rubber-lined pachucas have replaced wooden air-1lift agitators,
which has made possible the higher leaching temperature. In addition,
part of the final leach slurry is recycled back to the head of the leaching
circuit. The use of pachucas and the recycling of the final leach slurry
has eliminated the need for sodium chlorate addition to the leaching
operation, since enough ferric iron is now formed during the leaching
to oxidize the tetravalent uranium to the hexavalent state.

(5) In the original process uranium was precipitated from the ion
exchange eluate by sodium hydroxide or magnesium oxide. At the
present time anhydrous ammonia is used, which is easier to handle and
yields a higher grade product, raising the grade of the precipitate about
5% to over 80% U30g. The production of refined ammonium diuranate as
proposed in Ref.[3] is under way at one uranium mill and is being
considered at another.

(6) Alhtough no Canadian uranium mill has made any serious attempt
fully to automate its operations, acid strength and temperature of the
leaching operations have been put under automatic control, and the
oxidation potential in the leaching operation is monitored continuously '
by instruments. The ion exchange operations are controlled by automatic
timing devices.

II. Investigations on bacterial leaching and its applications

The first work on bacterial leaching of Elliot Lake uranium ores was
done in 1961 by Rio Algom Mines Ltd., and has been described by
Fisher [4]. The first routine production of uranium from underground by
bacterial leaching was initiated by Stanrock Uranium Mines Ltd. early in
1963 and has been described by MacGregor [5]. The Mines Branch
laboratory investigations began in 1963, and are continuing. All these
programmes have been pursued almost entirely independently, and the
results are generally, although not completely, concordant.

The shapes of the extraction-time curves obtainedby Rio Algom are
different from ours, in that Rio Algom found a rate which at first increased,
then decreased, and finally increased again, with time, while our curves
showed a steadily decreasing rate. Rio Algom found that the use of
nutrients was generally beneficial, whereas we found nutrients to be
beneficial only on the coarser sized material. With respect to the
production of uranium by underground leaching, Stanrock found that
the use of nutrients did not improve their recovery of uranium, while
Rio Algom found that it did. Stanrock and Rio Algom agree that substantial
volumes of high-pressure water are necessary to dissolve uranium that
has been rendered soluble by bacterial action.

Rio Algom and Stanrock agree that the principal advantages from
bacterial leaching result when such leaching is conducted in conjunction
with conventional mining operations, with the conventional operations
carrying the costs of pumping, servicing, and overhead. Rio Algom
concluded, however, that bacterial leaching could be conducted inde-
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pendently of other operations in a closed-down mine to recover uranium
at what is described as a 'competitive cost'. Since Stanrock is now
recovering all its uranium by bacterial leaching, this last conclusion
appears to be a sound one.

An interesting aspect of these bacterial leaching operations, which
consist simply of periodically washing the walls and floors of the stopes
with water using a hose held in the hand, is that the recovery of
uranium has not fallen off with time. It is obvious that the leaching
action is penetrating into the rock, and one wonders how deeply this
penetration will go, and at what rate. Time and careful observation
will throw light on these questions; in the meantime the details of the
process are obscured by two facts. One fact is that there is a good
deal of loose, broken muck in the mines, of widely differing sizes, so
that the surface area responsible for generating the soluble uranium is
unknown. The second fact is that at Stanrock Uranium Mines Ltd. where
production of uranium by bacterial action has been carried on for over
three years, a continual scaling away of material from the walls is
observable, exposing new surfaces. Stanrock is a deep mine,; and some
operators attribute this scaling principally to rock pressures. However,
the oxidation of iron sulphide to sulphates must generate an increase in
volume, and the rock may be being broken up even when the rock pressures
do not result in obvious scaling. More detailed observations are needed
to clarify these points.

For the immediate future, developments in the application of bacterial
leaching at Elliot Lake will depend principally on economic factors.
Those mines that have ample or surplus conventional leaching equipment
will probably continue conventional mining and leaching, coupled with a
stope washing programme underground to supplement uranium production.
Those mines that wish to expand beyond their present leaching capacity,
or that have to replace present leaching equipment, will seriously
consider pre-concentration coupled with bacterial leaching of the
concentration tails, the bacterial leaching probably to be done under-
ground. At the present time such a combined process appears to be
quite feasible technically. However, the problem of obtaining adequate
ventilation particularly in winter time, without reducing the tempera-
tures in the mines to the point where bacterial action is negligible, the
problem of handling the concentration tails, and the problem of obtaining
adequate contact between solids to be leached and leaching solutions, will
have to be solved. These are problems that are primarily for the mining
companies to solve, and until they are solved, the economics of bacterial
leaching as a primary uranium recovery process will remain largely
conjectural.

III. Control over the radiological content of uranium mill effluents

Control over the radiological content of uranium mill effluents,
which is an important aspect of uranium mill operation, now appears to
be adequate in the Elliot Lake district. Although at no time have hazards
to human health existed in Elliot Liake, about three years ago it became
clear that simple neutralization of the mill effluents with lime would
not be sufficient protection over the long term, and the provincial
authorities, which have control over these matters, requested that an
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improved technique be introduced. The procedure that appears to be
the best at the present time is to discharge the neutralized solids

and liquids together into a large settling pond, so that the overflow is
always clear. At the overflow, which is held at a pH of 8.0, 0,02 1b
of barium chloride per ton of effluent is added, and the effluent is sent
to a second settling pond, again large enough so that the overflow is
always clear. It has been found that this procedure yields a final
overflow containing from 3 to 4 pCi/litre, often less.

The Mines Branch was not involved in the problem of radio-
logical control, but it is my understanding that the procedure described
was originally developed in the United.States of America. 1 also
understand that the provincial authorities are satisfied with the results
being obtained,
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Abstract

PROCESSING URANIUM-BEARING MATERIALS CONTAINING COAL AND LOAM. Among the ores
which are classified as low-grade in the CSSR are mixtures of coal and bentonitic loam of tertiary origin,
containing approximately 0. 1% U and with a moisture content at times well above 20-30%. The uranium
is held mainly by the carbonaceous component. Conventional processing of these materials presents various
difficulties which are not easily overcome. During leaching the pulp thickens and frequently becomes
pasty, due to the presence of montmorillonites. Further complications arise from the high sorption capacity
of the materials (again primarily due to montmorillonites) and poor sedimentation of the viscous pulps.

In addition, the materials are highly refractory to the leaching agents.

The paper presents experience gained in solving the problems of processing these ores. The following
basic routes were explored: (1) separation of the carbonaceous and loamy components: The organic
component appears to be the main activity carrier. Processing the concentrated material upon separation
of the inactive or less active loam may not only remove the thixotropic behaviour but also substantially
reduce the cost of the ore treatment; (2) 'liquifying' the pulps or preventing the thickening of the pulp by
addition of suitable agents; (3) joint acid or carbonate processing of the materials in question with current
ore types; (4) removal or suppression of thixotropic behaviour by thermal pretreatment of the material;
and (5) application of the 'acid cure' method. The first method appears to be the most effective, but it
presents considerable difficulties due to the extreme dispersion of the carbonaceous phase and further
research is being carried out. Methods 2 and 3 proved to be unacceptable. Method 4, which includes roasting
at 300-400°C, is now being operated on an industrial scale. The final method has also shown definite
advantages for particular deposits of high montmorillonite content material.

INTRODUCTION

The development of technological procedures for the treatment of
sedimentary uranium-bearing deposits of tertiary origin is currently -
being given considerable attention in our country. The ore from these
deposits is classified under the second category, as defined in our other
paper (see section I), i.e. its economic processing by normal techno-
logical procedures is problematic, if not impossible.

DESCRIPTION OF THE MATERIAL

] The deposits in question consist mainly of a mixture of coal and loam
with admixtures of some minerals. The particle size is fine, mostly
below 2 mm. The coarser fraction above 2 mm is formed mainly by
fragments of tufitic minerals, quartz, and brown coal. The majority of
the material is less than 0. 05 mm in size and is formed by minerals of
the loam, mostly montmorillonite and kaolinite. In addition, volcanic
dust and ashes together with finely divided organic matter are found. The
material has 20 - 30% humidity and the mean uranium concentration is
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0.1%. The uranium content is in direct correlation to the content of
organic carbon. The main portion of uranium accompanies the finely
divided organic matter in the loam, or is contained in the coal. Macro-
scopic or microscopic observation has discovered no uranium mineral.
Only in X-ray analyses were lines found denoting the presence of uraninite,
The nature of the uranium bond is not clear at the present time. Evidently,
some organic bonds (e. g. uranium humates) and sorption on organic or
loamy materials can be considered. Other minerals found were sulphides,
hematite and hydrated ion oxides, also hydromicas in minor quantities.

Table I shows the chemical composition and indicates the probable
range of content of individual components in the material from the locality
under consideration.

TABLE I. APPROXIMATE CHEMICAL COMPOSITION OF THE
MATERIAL :

Component Content Component Content
%) (%)
AIZ()3 . 10 - 15 Sio, 40 - 55
Fe O, 10 -13 S total 3-8
TiO, 2-4 S combustible 2-1
MnO 0.03-0.1 P,0; 0.3-0.7
Ca0o 1.5 -4 Co, 0.3-1.5
MgO 0.5 -2.5 C organic 5-10
K0 0.7 -1.1 H,0 bound 4-6
Na 0 0.3 -0.6 loss on ignition 10 - 30

In accordance with the variable chemical composition, the material
exhibits a lesser or greater variability of its properties. This applies
not only to the material from a single deposit, but also to the deposits
as such, In the latter case these differences have a fundamental techno-
logical importance. At present we are thus compelled to distinguish
between at least two types of deposits, which are denoted in this paper
as types A and B. Material B, compared to Material A, contains a
considerably higher amount of montmorillonite and has a higher ratio of
montmorillonite to kaolinite (up to 9: 1 as compared to 1:1). Also, the
uranium compounds in type B are distinctly more refractory to the
leaching agents under otherwise identical conditions. This may be
explained by the following hypothesis: in contrast to the deposits of
type A, the basalt formation erupted to the surface of the earth and covered
deposit B with solidifying magma. The material of the deposit thus might
be subjected to high temperatures under reducing conditions, due to the
presence of organic matter.
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PROCESSING OF THE MATERIALS BY CONVENTIONAL METHODS

In the usual uranium ore treatment, characterized by leaching the
ore in the pulp form, both types of material pose the following problems
to the technologist:

(a) Pulps from both materials become increasingly viscous during
carbonate or acid leaching and frequently become completely pasty in the
reactor.

(b) The ore is highly resistant to the leaching agents.

(¢) Considerable difficulties are encountered during transport and
mechanical processing (crushing, milling, sedimentation, classification).

(d) High sorption ability for the dissolved uranium is shown by the
material.

(e) Requirements for conducting the process on an optimum level are
very difficult to meet in view of the large variability of the properties of
‘the material from different lots.

These features of ore behaviour are more marked with material B.
Analysing the causes, we find that (a) and (d) are due to the presence of
montmorillonite components of the loam, whereas (c) is due to the high
humidity and high clay content. The high resistance to the leaching agents
is evidently caused by the structure of the uranium bonding with the
material, the nature of which is as yet unknown.

The severe thickening of the pulp from these materials during leaching
is of primary importance, since it considerably limits the use of normal
technological procedures. Consequently, attempts were made to suppress
this property by suitable means. This was done:

(1) By simple dilution of the pulp, or by addition of suitable agents

to enhance the 'fluidity' of the pulp

(2) By joint processing of these materials with standard ores.

In the first case, the desired 'liquefaction' and, simultaneously, the
necessary conditions for the leaching are achieved only at forbidding costs
for the chemicals required. Moreover, the sedimentation and filtration
properties of these pulps are bad and thus no recirculation of the solutions
is possible, e.g. in acid leaching the required suppression of thixotropic
behaviour was attained only at 20% solids in the pulp, while in carbonate
leaching it was necessary to keep the amount of the solid phase still further
below this value.

In the laboratory, ammonium and sodium nitrate, ammonium rhodanide
and sodium fluoride were active in suppressing the thickening of the pulp
but only at amounts of 50 to 200 kg/ton.

Laboratory tests of joint processing have indicated that a proper
mixture of the tertiary material and standard ores at normal pulp densities
(45-50% solid phase) shows no pseudoplastic behaviour. It was found that
the amount of the materials in the mixture may not exceed a limit of 25%
in acid, and 15% in carbonate leaching. This was confirmed on a plant
scale. Simultaneously, other difficulties became apparent: the material
often stuck to the transport belts and blocked the crushers, and a thick
foam was formed in the first reactors of the acid leach cascade. In the
carbonate process, the yield also fell considerably.

These problems, and the danger of the pulp thickening in the course
of the process (if the maximum allowable ratio of the two mixture
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components were exceeded), led to further work in this direction being
discontinued.

OTHER TECHNOLOGICAL METHODS INVESTIGATED

The failure to solve the problems of pulp thickening encountered
during the standard technological treatment led us to seek specific pro-
cedures to solve the problems outlined above. The routes which were
studied are:

(1) Separation of uranium-bearing organic components from the

loamy substance causing the thickening of the pulp.

(2) Thermal pretreatment of the material to enable it to be processed

by normal procedures.

(3) Acid curing of the raw or dried material with subsequent appli-

cation of the resin-in-pulp method.

The aim of the first alternative is evident. The use of procedures
currently practised in the ceramic and coal industries was investigated.
Gravitational, electrophoretic, flotation and radiometric classification,
together with various washing methods were studied. In addition,
pneumatic, electrostatic, magnetic, and radiometric classification after
thermal treatment at 300-400°C was tried. All these methods showed
little success, mainly due to the extremely fine division of the uraniferous
organic matter in the remaining material. Almost equal uranium content
of individual fractions according to particle size or specific gravity was
found. All separation procedures are hampered by the high content of
fines below 0. 05 mm which have approximately the same uranium content
as the original material.

Separation of the materials will be tried in the nearest future using
the prototype of a special centrifuge designed to handle clayey material
of extremely fine size. '

The second alternative aimed at suppression of the pseudoplasticity
in the pulp. The thermal treatment leads to gradual liberation of the
interstitial water in the montmorillonite materials. This in turn partly
or wholy removes the thixotropic behaviour. In addition, improvement
could be expected in materials handling operations and sedimentation.
These assumptions proved correct both on the laboratory and on the plant
scale. Moreover, a decrease in the sorption ability of the material was
found. A negative factor is the lowering of the leaching yield which
correlates with rise in the mean temperature of the thermal treatment.

Plant-scale operations for treatment of type A material were made.
The material is roasted at a temperature of 300-400°C in a rotary kiln
heated by heavy oil. The flow of gas and material is concurrent. The
shell of the kiln has flights which split the material and improve the heat
transfer. A perforated-plate tower for scrubbing the fines from the
stack gas with water is included in the thermal treatment plant. The
material leaving the kiln is crushed and sieved and then transported by
rail to a mill where it is subjected to the conventional acid processing.
As a high sulphuric acid concentration must be maintained throughout the
leaching stage, the pulp leaving the leaching agitators is introduced into
the leaching stage of standard ore where its high residual acidity is
utilized. The flow sheets of the process are shown in Figs 1 and 2.
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FIG. 1. Flow sheet of the thermal pretreatment and crushing
1. Chute; 2. Transport belt; 3. Chute; 4. Combustion chamber; 5. Rotary kiln;
6. Perforated-plate scrubber;7. Cooling and spraying drum; 8. Transport belt with chute;
9. 10-mm sieve; 10. Jaw crusher; 11. Bunker chute.
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FIG. 2. Flow sheet of the technological process
12. Chute; 13. Repulper; 14. Ball-mill; 15. Spiral classifier; 16. Thickener;
17, Leaching I (original material); 18. Leaching II (joint); 19. Sorption; 20. Elution:
21. Precipitation; 22. Filtration; 23. Drying; 24. Bunker chute.
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The possibility of application of this technological procedure to
type B material was investigated in the laboratory and at the plant. The
operation proved to be unprofitable since the temperature of 450 to 500°C
required to cope with the pseudoplastic behaviour of this material has in
turn considerably reduced the yield of uranium in comparison with type A
material. Simultaneously, the acid consumption was considerably
increased. The uranium yield even from type B raw material is 10-20%
lower than from type A material under identical leaching conditions.

The acid cure method was envisaged primarily for the treatment of
type B material, or as a universal procedure for both types, should this
method prove to be economically more feasible.

TABLE II. THE MAIN PARAMETERS AND COSTS PER UNIT
PRODUCTION FOR BOTH FLOWSHEETS INVESTIGATED

Flowsheet I Flowsheet II
Thermal pretreatiment Acid cure
Ore A Ore B Ore A Ore B
Roasting - Temperature 300-400°C 450-500°C drying drying
Crushing - Particle size -10 mm -10 mm -4 mm -4 mm
Milling - Particle size ~0.15 mm -0.15 mm - -
Thickening - Weight of
solids 40% 40% - -
Flocculant
consumption 350 g/t 350 g/t - -
Leaching - Temperature 60-70°C 60-70°C - -
Oxidiiing agent
(HNO; ) - - 30 kg/t 30 kg/t
Time 4h 4h curing 24 h curing 24 h
Residual concn.
H, SO, 50 g/litre 50 g/litre - -
Residual concn.
after joint lea-
ching 8-10 g/litre | 8-10 g/litre - -
H, SO, consumption 105 kg/t 160 kg/t 100 kg/t 100 kg/t
Leaching yield 85% 65% 90% 5%
Pulp neutralization -
Lime consumption 50 kgh 70 kgh 50 kg/t | 50 kg/t
Processing costs per unit
production 100% 147% 94. 2% 102%
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Laboratory and bench-scale investigation indicated that on acid curing
the pulp exhibits no thixotropic behaviour if it is not heated in the following
stages. Furthermore it was found that the acid consumption remains the
same for material A, while the yield of uranium is increased. The latter
applies also to material B, where the consumption of acid is materially
lowered. The calculations shown in Table II indicate that an economically
feasible process for both materials may thus have been found.

At the present time, the following two flow-sheets for both types of
material are being investigated:

(I) Thermal pretreatment application
The flowsheet consists of the following operations: open-cast mining —
roasting — crushing — transport to the mill — milling — thickening —
leaching — joint leaching with normal ore (residual acidity utilization) —
sorption on strongly basic anionic exchange resin — elution — concentrate
precipitation — drying.

(II) Acid curing
This flowsheet includes: open-cast mining — drying — crushing —
transport to the mill — mixing with the acid — curing — repulping —
classification of coarser fractions with countercurrent washing — sorption
from the pulp on strongly basic anionic exchange resin — elution —
precipitation of the concentrate — drying.

Table II presents the main technological parameters and costs per
unit concentrate production. The table omits those operations which have
the same parameters. The cost is given in per cent of the cost of flow-
sheet I, now used in the plant to process type A material. Under the
economic conditions prevailing at the present time, the cost of 105% is
very nearly the limit of economic operation.

CONCLUSION

The problems discussed form an important part of the task to be
fulfilled in our country if low-grade ores are to be processed. It should
be clear that, above all, new economically more effective ways for
pretreatment of the ore must be sought and found. We also think that in
this search the conventional technological approach, which as a rule does
not yield all the necessary information, must be substituted by a consider-
ably deeper scientific and economic analysis of individual process stages
from the standpoint of chemical engineering science. At the same time,
mathematical methods and methods of mathematical statistics for opti-
mization must be applied to guarantee profitable operation of the ore
treatment process.
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RECUPERATION DE L'URANIUM
DANS LES EAUX DES MINES

P. SUGIER
DIRECTION DES PRODUCTIONS, CEA,
CHATILLON-SUR~- BAGNEUX, FRANCE

RECOVERY OF URANIUM IN MINE WATERS. In a brief introductory survey the author indicates the
date on which leaching was first observed in the CEA mines and lists the main factors necessary for, or
favourable to, the solubilization of uranium in mines. Information is given on the various sources of this
type at present identified in France and the methods used to recover uranium in mines situated near ore-
concentration plants. An explanation is given for the use of the calcium precipitation technique in
connection with waters produced in mines not situated near ore-concentration plants.

Data are given on the results of laboratory tests carried out on waters containing uranium, together
with a description of an industrial-scale facility built in consequence of these tests. Details are given of the
statistical results obtained. The author concludes by outlining the programme which will be implemented
in the near future with a view to increasing the tonnage of uranium produced by in situ leaching and
indicates that the CEA engineers are very optimistic about the prospects of this new low-cost method of
producing uranium.

RECUPERATION DE L'URANIUM DANS LES EAUX DE MINES.  Apres un bref rappel historique précisant
1a date de constatation du phénomene de lixiviation dans les mines d'uranium du Commissariat et un rapide
inventaire des principales conditions nécessaires ou favorisant la solubilisation de I'uranium dans les mines,
1'auteur indique les différentes sources actuellement reconnues en France et les méthodes utilisées pour
récupérer 1'uranium dans les mines situées prés d'une usine de concentration des minerais. I1 donne ensuite
les raisons motivant le choix du procédé de précipitation calcique pour les eaux produites dans des mines
&loignées des usines de concentration des minerais.

Les résultats d'essais de laboratoire effectués sur des eaux chargées en uranium sont donnés et
I'installation industrielle réalisée 2 la suite de ces essais est décrite; les résultats statistiques obtenus sont
détaillés. En conclusion de son exposé, I'auteur trace les grandes lignes du programme d'action prévu dans
I'immédiat pour accroitre le tonnage d'uranium produit 2 partir de la lixiviation in situ et indique que
c'est avec beaucoup d'espoir de réussite que les ingénieurs du Commissariat 2 1'énergie atomique abordent
cette nouvelle voie trzs prometteuse de production d'uranium 2 bas prix.

HISTORIQUE ET INTRODUCTION

En France, la présence d'uranium dans les eaux des mines a été
constatée & partir de 1959 dans le gisement des Sagnes, dans le Limousin,

La solubilisation de l'uranium peut &tre provoquée par de nombreux
facteurs, parmi lesquels nous citerons: les gaz en solution, les sels, les
bactéries, les substances organiques, etc. Les solutions provenant du
lessivage naturel des sulfures de fer constituent également un milieu
particulitrement favorable & la solubilisation de l'uranium.

Actuellement trois mines du Commissariat & 1'énergie atomique
produisent des eaux d'exhaure contenant de l'uranium: ce sont les mines
de Fanay dans le Limousin, de 1'Ecarpitre et de la Chapelle Largeau en
Vendée,

Bien entendu, toutes les eaux de drainage de ces mines ne sont pas
uraniféres mais un inventaire et une classification des diverses venues
d'eau en fonction de leurs teneurs en uranium nous ont permis de réaliser,
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au fond de chacune de ces mines, un circuit d'exhaure pratiquement stérile
et un circuit d'exhaure uranifere,

La classification des venues d'eau en fonction de la teneur en uranium
a pu étre réalisée grdce & l'utilisation sur place d'une méthode de dosage
colorimétrique rapide mise au point par les services du CEA.

A 1'Ecarpikre, la production d'eau uranifeére est de l'ordre de 20 &
30 m3 /h titrant en moyenne 100 mg d'uranium par litre. Nous pensons,
en 1966, récupérer 18 & 25 tonnes de métal.

A la Chapelle Largeau, le poids de métal récupéré en 1966 sera de
l'ordre de 4 t. Les débits horaires sont de 5 m3/h et la teneur moyenne
en U de 100 mg/l. A Fanay, actuellement en cours d'équipement, nous
pensons récupérer en 1967 un poids de métal de 1'ordre de 20 2 25 t.

Le traitement des eaux uraniferes de la mine de l'Ecarpitre, par
suite de la proximité de l'usine chimique, n'a posé aucun problkme
particulier, Il nous a suffi, en effet, de pomper ces eaux directement
dans l'usine oll nous les traitons par passage apres clarification et
acidification sur des colonnes de résines installées spécialement pour
effectuer ce travail,

Dans les mines de la Chapelle Largeau et de Fanay, distantes des
usines chimiques de 40 km pour la premikre et 20 km pour la seconde,
la question du choix du procédé & adopter pour la récupération de
lturanium s'est posée,

I1 nous fallait adopter un procédé relativement simple, pouvant étre
conduit par du personnel non spécialisé avec des dépenses comparables
3 celles du procédé de récupération par résines échangeuses d'ions,

Nous avons donc pensé au procédé de traitement des eaux uraniferes
par neutralisation par la chaux. Le but de cette neutralisation étant de
produire un préconcentré calcique 2 teneur suffisamment élevée permettant
son transport sans trop de frais & l'usine chimique pour le retraiter par
redissolution sulfurique et passage sur résines.

Des essais de traitement des eaux minéralisées par ce procédé ont
été réalisés au laboratoire du Service d'études de concentration de la
Direction des productions. Ces essais avaient pour but de confirmer la
validité de la méthode dans ce cas particulier et de fixer les parambdtres
nécessaires & la réalisation d'une installation industrielle,

RESULTATS DES ESSAIS

Lt'échantillon d'eau étudié répondait & 1'analyse suivante:

U 100 mg/1
Fel+ traces
Fed* 53 mg/l
Al13+ 25 mg/1
POy traces
Sio, 66 mg/1
SO, 1890 mg/1
pH 2, 90

EH 530 mV
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Les études ont porté sur trois points:
a) neutralisation proprement dite par un lait de chaux & 200 g de chaux/l
b) décantation & l'aide d'une solution de séparan NP/lO A 19
c) reprise sulfurique de l'uranate de chaux produit.

Nous indiquons en suivant ]es résultats obtenus:

pH apres neutralisation 7
L. Durée de l'opération 1h
Neutralisation 1 % dans la solution & pH 7 1 mg/l
Chaux consommée 700 g/m?® d'eau d'exhaure
[ Séparan consommé 5 g/m3 d'eau d'exhaure
Vitesse de décantation 2m/h
Décantation Concentration en solide de )
la pulpe décantée apres 24h 30 g/l
Teneur en U du précipité
obtenu sur sec 15%
Acide sulfurique consommé 9 kg/kg d'uranium
Reprise Durée de l'opération 1h
sulfurique pH terminal 1,2

Rendement de 1'opération 99, 8%

Les résultats des essais ayant confirmé la possibilité de traitement
des eaux uraniferes par neutralisation par la chaux, nous avons étudié
la réalisation d'une installation capable de traiter 5 m3 /h sur le sidge
minier de la Chapelle Largeau,

DESCRIPTION DE L'INSTALLATION

Les débits et les caractéristiques des divers appareils utilisés sont
indiqués sur le schéma de marche de la figure 1.

Les eaux pompées de la mine sont recues dans un bassin de stockage
de 50 m3 afin de donner une certaine autonomie 2 la station de pompage
du fond de la mine et & la station de traitement des eaux. A partir de
ce bassin, les eaux sont pompées en continu et circulent dans deux cuves
de neutralisation. .

La premitre cuve regoit directement le lait de chaux, qui est prépax-é
une fois par jour, & un débit réglé automatiquement 3 1'aide d'un pH m2tre
régulateur. Les électrodes sont installées au déversement de la deuxitme
cuve de neutralisation,

La solution de séparan préparée également une fois par jour est
ajoutée au débit nécessaire dans la goulotte de déversement par trop
plein de la deuxi®me cuve de neutralisation dans 1'épaississeur de 7 m
de diametre, :

La surverse de 1'épaississeur stérile est rejetée a la rividre, sans
crainte de pollution des eaux, La sousverse est reprise par pompe puis
alimente par gravité un filtre-presse sous une dénivellation de 2, 50 m
environ.

*
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Fig. 1. Traitement des eaux minéralisées dans I'installation de la Chapelle Largeau.
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. Bassin de 50 m®.
. 1 pompe inox. 5 m3/h.

Cuve 2 débit constant de 400 litres.

. 1 conditionneur 2 lait de chaux de 1,5 m?®.

. bis. Pompe « Délasco >.

. 1 distributeur 2 lait de chaux type godets Minerais et Métaux.
. 1 cuve inox. de 3,200 m® avec agitateur.

1 cuve en acier ordinaire de 3 m3 avec agitateur.

. 1 cuve préparation floculant de 1 m? avec agitateur.
. 1 épaississeur de 7 m de diam.

1 pompe Dorrco de 2 pouces.
Filtre <« Liogier ».

Pompe << Plastilac >».

Cuve de stockage des uranates.
pHmetre enregistreur.
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RESULTATS STATISTIQUES DE LA MARCHE INDUSTRIELLE

Débit horaire 5 m3 /h
pH avant neutralisation 3
Teneur en U des eaux uraniferes 100 mg/1
Chaux consommeée 500 g/m3
pH apres neutralisation 8ay
Séparan consommé 3 g/m3
Teneur en U de la surverse 1 mg/l
Poids de précipité par litre & la

sousverse de 1'épaississeur 35 g/l
Teneur en U du précipité 12% -
Teneur en humidité du précipité

filtré 80%

Les résultats obtenus industriellement ont confirmé les essais de
laboratoire et actuellement nous sommes en train de réaliser & Fanay
une installation de ce type, d‘une capacité horaire de 40 m3 /h.

CONCLUSION

En France, comme nous venons de le voir, les tonnages d'uranium
pouvant étre récupérés 3 partir des eaux de drainage uraniféres des mines
sont importants.

Compte tenu de la valeur du métal et des dépenses relativement
faibles A engager pour récupérer l'uranium, 1l'é€conomie de l'opération
est remarquablement intéressante. '

Nos efforts se sont limités, jusqu' présent, & l'inventaire des
venues d'eau naturellement uraniféres et & la mise en place dans nos
mines les plus favorisées de stationsde traitementde ces eaux minéralisées,

Dans un deuxi®me stade, nos efforts vont porter vers 1taccélération
du processus de solubilisation in situ, soit sur des panneaux déja exploités,
soit sur des panneaux minéralisés mais inexploitables &économiquement
par les méthodes minitres classiques.

Une voie tres prometteuse slouvre devant nous et nous l'abordons
actuellement avec beaucoup d'espoir de réussite,



TRAITEMENT PAR LIXIVIATION NATURELLE
DES MINERAIS URANIFERES PORTUGAIS

J. DE LACERDA
JUNTA DE ENERGIA NUCLEAR,
LISBONNE, PORTUGAL

TREATMENT OF URANIUM ORES BY NATURAL LEACHING IN PORTUGAL. The technique described
for treating uranium ores by natural leaching has been developed as a result of research carried out in
Portugal with a view to determining and eliminating the causes of uranium migration in ores stored in the
open.

With the natural leaching method, which has been successfully applied to primary uranium ores, the
ore is piled up on a waterproof surface and sprayed intermittently with mine water. Pyrite and ferrous
sulphate are used as solid reagents and are mixed with the ore in amounts averaging 0. 4% and 0. 2%
respectively.

Over 70 000 tons of ore with a U;Og content of between 0. 076 and 0. 150% have been treated at five
natural leaching plants. The average recovery in these operations was between 57. 7 and 85.9%. The
average cost was US $3. 31/1b U,0,.

TRAITEMENT PAR LIXIVIATION NATURELLE DES MINERAIS URANIFERES PORTUGAIS. Le traitement
des minerais uraniféres par lixiviation naturelle est le fruit des recherches effectuées au Portugal dans le but
de déterminer et d'éliminer les causes de la migration de I'uranium contenu dans les minerais emmagasinés
a ciel ounvert.

La méthode de lixiviation naturelle, appliquée avec succes aux minéraux primaires d'uranium,
consiste essentiellement en I'arrosage intermittent, avec I'eau des mines, du minerai entassé sur des aires
imperméabilisées. On utilise comme réactifs solides la pyrite et le sulfate ferreux mélangés avec le
minerai a raison de 0, 4% et 0, 2% respectivement en moyenne.

Plus de 70 000 t de minerai, dont les teneurs en U:,'OB étaient comprises entre 0, 076% et 0, 150%, ont
été traitées dans cinq installations de lixiviation naturelle oli on a obtenu des récupérations moyennes
oscillant entre 57, 7% et 85, 9%, pour le prix de revient moyen de 3, 31 dollars par livre de U Og.

1. INTRODUCTION

La méthode de traitement des minerais uraniféres par lixiviation
naturelle a été mise au point, au Portugal, par les techniciens de la
Companhia Portuguesa de Radium, Ld2 (CPR, Ld2), qui se sont appuyés
sur les études et essais effectués au Chemical Research Laboratory
(CRL) de Teddington (Angleterre), principalement pendant la phase -
expérimentale. ‘

Cette méthode est le fruit des recherches effectuées en vue de dé-
termineretd'éliminer les causes de la migration de 1'uranium contenu dans
les minerais stockés & l'air libre. Elle a été appliquée parla CPR, Ld2
4 1'échelle industrielle dans plusieurs mines de 1953 & 1962, et ensuite
par la Junta de Energia Nuclear (JEN) dans les établissements de la
mine de Urgeiriga.

Les minerais soumis &alalixiviation naturelle proviennent tous de filons
renfermant des minéraux primaires et secondaires d'uranium, contenus
dans les granites de la province de Beira Alta.

L'idée d'appliquer la lixiviation naturelle au traitement des minerais
uraniféres a pris corps lorsqu'on s'est rendu compte que les minerais

101
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primaires, apres exposition prolongée aux intempéries, avaient perdu
un pourcentagé élevé d'uranium [1].
Apre¥s avoir constaté cette fuite, les techniciens de la CPR, Ld# ont
regu l'ordre [2] de procéder & l'examen des points suivants:
- Migration de l'uranium dans les conditions naturelles
— DPrévention de cette migration
— Développement de méthodes fondées sur l'utilisation de cette mi-
gration comme moyen pratique de lixiviation.
Les recherches sur la prévention de la migration ont été abandonnées
3 la suite de quelques expériences [3] menées sur des tas de minerais
recouverts de chaux, qui n'ont pas permis d'éviter les pertes d'uranium.
Le développement de méthodes fondées sur la lixiviation naturelle a,
par suite, acquis plus d'importance, et tous les essais se sont poursuivis
dans ce sens.
Les recherches ont été effectuées dans une installation constituée
par sept réservoirs de 2,0X 2,0X 1,5 m, d'une capacité de 9 t (fig.1).

VUE D'ENSEMBLE

—
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h
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8 3
B
a
3
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g 0.50,
s E 1——— }-OUVERTURE
OUVERTURE POSTERIEURE 3 D'ECHANTILLONNAGE

.......

D'ECHANTILLONNAGE

l !‘————, -SORTIE DES LIQUIDES

(dimensions en metres)

FIG. 1. Installation expérimentale de lixiviation naturelle.

Les essais consistaient & remplir les réservoirs de minerais provenant

de différentes mines et de granulométrie variable; trois de ces réservoirs
Ly, 2 ot X PR
étaient exposés a l'action du temps tandis que les quatre autres étaient
soumis % des arrosages systématiques.
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Plus tard, quand il a été nécessaire d'effectuer un grand nombre
d'expériences pour comparer plusieurs méthodes et réactifs, les essais
ont df dtre faits & 1'abri des intempéries, dans des tuyaux en gres d'une
capacité de 150 kg de minerai concassé % -1/2 pouce, chaque récipient
étant arrosé avec 500 litres d'eau par jour.

Les essais en laboratoire et & 1'échelle pilote et les enseignements
qu'on a pu tirer de l'application industrielle de la méthode ont permis de
déterminer les facteurs dont dépendait le rendement de la lixiviation
naturelle des minerais d'uranium portugais.

2. FACTEURS PRINCIPAUX INFLUENCANT LA
LIXIVIATION NATURELLE

2.1. Type de minerai

Comme on pouvait s'y attendre, les essais ont confirmé que le
rendement de la lixiviation dépend des caractéristiques minéralogiques,
chimiques et physiques du minerai, ce qui ressort du-tableau I ou sont in-
diquées les quantités cumulées, en pourcentage de la teneur initiale en
uranium, extraites des minerais soumis & 1l'action exclusive de la pluie,
pendant une période de quatre ans.

Ces chiffres montrent bien que le rendement de la lixiviation dépend
des caractéristiques mentionnées et, en particulier, que les minerais
secondaires ne subissent pas de perte appréciable quand ils sont exposés
2 l'action de la pluie.

Ainsi surgit la premiere limitation, d'ailleurs confirmée par la
pratique industrielle, du champ d'application de la lixiviation naturelle:
elle ne peut pas @tre appliquée avec succe®s au traitement des minerais
secondaires d'uranium.

2.2. Présence de pyrite dans le minerai

Les essais en laboratoire et & 1'échelle pilote ont montré que la
présence de pyrite est indispensable pour déclencher et entretenir les
réactions qui donnent lieu % la lixiviation naturelle des minerais
d'uranium. Ces réactions sont probablement produites par 1'altération
de la pyrite qui, au contact de 1'eau et de 1'oxygene de l'air, donnerait
du sulfate ferrique et de l'acide sulfurique, le sulfate constituant 1'agent
oxydant qui pourrait permettre le passage de l'uranium tétravalent, peu
soluble dans l'acide sulfurique dilué, & l'uranium hexavalent, facilement
soluble [4].

L'action lixiviante de la pyrite peut encore &tre accrue par l'adjonc-
tion de sulfate ferreux qui, en quantités inférieures & 1% du minerai 3
traiter, accélere l'extraction de l'uranium.

Bien que la pyrite joue un rdle essentiel dans le mécanisme de la
lixiviation naturelle, sa capacité de réaction dépend de son type minéralo-
gique; ainsi on a constaté parfois que, dans certains minerais qui en
contenaient, la lixiviation ne se déclenchait pas. C'est le cas [5] par
exemple d'un minerai primaire de la mine de Bica, ou la lixiviation ne
s'est pas faite malgré la présence de pyrite dans le tout venant; cependant
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ce méme minerai, apres avoir été mélangé avec de la pyrite d'une autre
provenance, a donné les taux d'extraction suivants:

Apres 6 mois, 42% de l'uranium initial
Apres 12 mois, 56% de l'uranium initial
Apres 18 mois, 60% de l'uranium initial

TABLEAU 1. QUANTITES D'URANIUM EXTRAITES DE
MINERAIS SOUMIS A L'ACTION EXCLUSIVE DE LA PLUIE

Minerai Durée du Extraction
, traitement totale
Provenance Type (années) o)

41
61
Rosmaneira Primaire avec des pyrites visibles 69

1

S W o -

Traces

Reboleiro Primaire avec des pyrites visibles

B W o =
o

30

Traces

. A . L. Traces
Reboleiro Secondaire sans pyrites visibles

Traces

B W o =

Traces

Secondaire avec des pyrites
Reboleiro additionnées 1 27

L'action de la pyrite dépend aussi en grande partie de la granulo-
métrie de broyage et du degré d'altération au moment o commence le
traitement par lixiviation naturelle. La granulométrie doit &tre la plus
fine possible, sans toutefois nuire & la circulation de 1'air et de l'eau
dans le tas de minerai.

Les résultats des essais entrepris pour déterminer 1'influence de la
pyrite et du sulfate ferreux sur la lixiviation des minerais d'uranium
sont donnés par les courbes des figures 2 et 3. .

La figure 2 donne les courbes d'extraction de trois minerais
différents — de Rosmaneira, de Urgeiriga et de Bica; les deux premiers
ont été traités seulement avec la pyrite du tout venant tandis qu'au
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dernier a été ajoutée de la pyrite d'une autre origine, parce que celle
qu'il contenait n'était pas oxydable [1,5]. Sur ces courbes d'extraction
on peut distinguer trois phases: :
a) Phase initiale d'extraction lente, d'une durée de deux mois environ;
b) Phase intermédiaire de courte durée, mais avec une vitesse d'ex-

traction plus grande;
c) Phase finale d'extraction lente et de vitesse décroissante.

URANIUM RECUPERE
“la Uy Og DU CONTENU INITIAL
75

70

60

40 l
30

20

01 2 3 4 5 6 7 8 9 10 N 12 13 14 15 16 17 18 ¥ 20 21 22 MOIS
.
FIG. 2. Minerais 2 faible teneur en uranium: rendement d'extraction (essais 4 grande échelle).

Minerai de Rosmaneira
_____ Minerai de Urgeiriga
.......... Minerai de Bica (pyrite)

Etant donné que la plus grande partie de 1'uranium récupérable est
extraite dans un court laps de temps, qui correspond a la phase b), on
aura tout intérét, lors de l'application industrielle de la méthode, &
réduire la phase a) et & prolonger le plus possible la phase b), de facon

‘A obtenir une récupération raisonnable avant la phase c) qui pourra ainsi
etre abandonnée.

A cette fin, on a fait une série d'essais avec du minerai de Urgeiriga
additionné de pyrite et de sulfate ferreux ou de pyrolusite. Les résultats
obtenus sont représentés a la figure 3; ils montrent que l'extraction n'a
pas été influencée par la pyrolusite, mais qu'elle a été accélérée par la
pyrite et par le sulfate ferreux, principalement dans le cas ou ces deux
réactifs avaient été ajoutés au minerai.

2.3. Granulométrie de broyage et hauteur des tas de minerai

Les essais effectués ont mis en évidence l'influence de la granulo-
métrie de broyage sur la récupération de l'uranium, comme on peut le
voir sur le tableau II ol sont donnés, pour des minerais de plusieurs
origines, les pourcentages d'uranium extrait pour chaque granulométrie
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au bout de 21 mois de traitement. Ces chiffres montrent clairement
que le rendement d'extraction augmente lorsque la granulométrie
diminue; cependant, on ne peut pas descendre au-dessous d'une valeur
déterminée & partir de laquelle la circulation de 1'eau et de 1'air dans
le minerai devient difficile, ce qui a un effet nuisible sur 1l'extraction.

URANIUM RECUPERE
*/s U3 0g DU CONTENU INITIAL
7

0 1 2 3 4 5 6 7 8 9 10SEMANES
FIG. 3. Minerais 2 faible teneur en uranium: rendement d' extraction (essais 2 petite échelle).
+ & kg de pyrite, 10 kg de sulfate ferreux

_____ + 10 kg de pyrite
.......... + 5 kg de pyrite, 10 kg de pyrolusite

TABLEAU II. TAUX D'EXTRACTION (%) EN FONCTION
DE LA GRANULOMETRIE

Granulométrie
Provenance du minerai
+1" ~1"/+1/4" -1/4"
Urgeiriga 37 69 87
Rosmaneira 57 56 76
Bica 0 51 66

Dans la pratique on a adopté la granulométrie - 1" pour tous les
minerais soumis & la lixiviation naturelle, et -1/2'" dans quelques cas
particuliers. Cependant, on a vérifié le degré d'imperméabilité des tas
de minerai chaque fois que celui-ci contenait un haut pourcentage de
grains fins ou qu'il était argileux.

La hauteur des tas de minerai exerce aussi une influence sur le
rendement de la lixiviation; il doit exister un rapport optimal entre la
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granulométrie et la hauteur des tas. Etant donné que les informations
disponibles étaient insuffisantes pour nous permettre de fixer ce rapport,
nous avons adopté pour les applications industrielles une hayteur de 2 m
pour les tas de minerai ayant les granulométries indiquées ci-dessus, cette
hauteur pouvant toutefois atteindre 6 m dans le cas des tas placés aflanc de
coteau, donc sur une base inclinée.

2.4. Alternance de périodes humides et stches

Quand la lixiviation naturelle a été appliquée 2 1'échelle industrielle,
on a constaté que, pour obtenir une extraction d'uranium satisfaisante,
les tas de minerai devaient passer alternativement par des périodes
stches et humides, les arrosages ne pouvant pas &tre continus.

La périodicité des arrosages a été fixée d'une manitre empirique,
en fonction surtout de la pluviosité, mais le régime préféré en temps
sec a été celui des arrosages quotidiens d'une durée de 3 & 4 h, soit
en une fois, soit par périodes de 1 & 2 h échelonnées au cours de la
journée.

2.5. Température

Tant les essais de laboratoire [6] que les essais & 1'échelle
industrielle ont prouvé l'influence de la température sur les réactions
de lixiviation; celles-ci sont intensifiées par 1'élévation de la tempéra-
ture jusqu'i une limite supérieure de 40°C environ, mais elles cessent
au-dessus de cette valeur, en raison peut-&tre de la diminution ou mé&me
de la cessation de 1'activité des bactéries oxydantes.

Il existe aussi une limite inférieure de température au-dessous de
laquelle les réactions de lixiviation s'effectuent lentement ou sont
pratiquement nulles.

Le fonctionnement des installations industrielles de traitement par
lixiviation naturelle est toujours influencé par la baisse de la tempéra-
ture de l'air en hiver, comme le montre l'exemple donné 2 la figure 4
oli 1'on voit les concentrations des liqueurs produites par cing tas de
minerai de Urgeirica traités dans ces installations entre aofit 1964 et
avril 1965; ce graphique donne également les températures moyennes
de 1'air observées au cours de la méme période.

Dans la pratique, comme dans les installations de lixiviation
naturelle, le minerai reste toujours exposé aux intempéries et on ne
peut gutre éviter l'effet génant des températures basses. On ne peut
que fixer la date du commencement du traitement de fagon & faire co-
incider la période des températures favorables avec la phase b).

2.6. Bactéries oxydantes

Des recherches faites avant 1957 sur des minerais d'uranium por-
tugais au Chemical Research Laboratory de Teddington ont montré que
certains types de bactéries influencaient la lixiviation de l'uranium [6].
Le service de microbiologie de ce laboratoire a identifié Thiobacillus
thio-oxidans et Ferrobacillus ferro-oxidans dans les minerais de
Urgeiriga et de Bica, et Thiobacillus thioporus dans des minerais de
Valinhos.
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On a préparé des cultures des deux premitres esptces isolées avec
lesquelles ont été ensemencés des échantillons de minerais des trois
mines citées, qui ont ensuite été soumis 3 des essais de lixiviation avec
de la pyrite et du sulfate ferreux; & des fins de comparaison on a préparé
en méme temps des échantillons stérilisés.

D'une fagon générale, les extractions obtenues dans le cas des échan-
tillons inoculés ont été supérieures & celles des échantillons stérilisés,
ce qui faisait penser que les esptces présentes de bactéries favori-
saient la lixiviation des minerais étudiés. Cependant, les résultats
n'ont pas été totalement concluants.
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FIG. 4, Concentration des liqueurs et température moyenne de I'air.

—_— Température moyenne de I'air
_____ Tasn® 1
e Tas n° 2
e Tas n° 3
_____ Tasn’ 4
......... Tasn® 5

3. APPLICATIONS INDUSTRIELLES DE LA
LIXIVIATION NATURELLE

La méthode de lixiviation naturelle des minerais d'uranium a été
appliquée & 1'échelle industrielle dans le but de traiter des minerais
qui auraient été rejetés comme stériles en raison de leur teneur trop
basse pour &tre compatible avec les conditions techniquo-économiques
de 1l'usine de traitement classique existant au Portugal. Ainsi, les
minerais pouvant &tre traités par lixiviation naturelle ont été considérés
d'abord comme des produits sans valeur pour la gestion et, & partir de
1957, comme des sous-produits n'ayant d'autre valeur que celle relative
aux dépenses afférentes 2 l'extraction de la mine.

Selon le critére ci-dessus, étaient destinés % la lixiviation naturelle
tous les minerais qui, & la sortie de la mine, avaient une teneur en U, Os
inférieure % 0, 15%, limite qui, depuis 1962, a été abaissée 2 0, 12%;



TABLEAU III.

FONCTIONNEMENT DES INSTALLATIONS DE LIXIVIATION

Alimentation Réactifs
(kg/t) Durée du Teneur en U, O,

Installation traitement du résidu Récupération
Tonnes . Sulfate (mois) (%) )
humides (%) U, O Pyrite ferreux

Bica 22172 0,134 4,0 1,4 20,5 0,057 57,1
Rosmaneira 6380 0,150 4,0 1,8 17 0,058 61,6
Urgeiriga 24760 0,076 3,7 2,9 13 0,019 75,0
Vale de Arca 4755 0,109 5,3 2,1 18 0,031 1,6
Valinhos 12365 0,093 8,0 5,8 18 0,014 85,9

03/861-1d

60T
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le tableau III donne les teneurs moyennes pour chaque installation. Le
schéma du traitement de ces minerais est le suivant:

— Criblage & -1"

— Addition de pyrite et de sulfate ferreux

- Déversement du minerai sur des aires ou dans des réservoirs im-
perméabilisés, en tas de 2 & 6 m de hauteur

— Arrosage intermittent des tas

— Ré&colte des liqueurs produites

— Précipitation par la magnésie de l'uranium contenu dans les liqueurs,
ou envoi des liqueurs A l'usine de traitement lorsque celle-ci est
proche.

Ce schéma a été appliqué dans des installations construites spéciale-

ment, qui sont décrites ci-apres ainsi que leur fonctionnement et les
résultats obtenus.

3.1. Caractéristiques des installations

Les installations de lixiviation naturelle sont constituées par les
aires ol est déposé le minerai, le réservoir ol sont recueillies les
liqueurs résultant des arrosages, et, dans les installations qui ne se
trouvent pas A proximité de l'usine du traitement, 1'atelier de précipi-
tation des liqueurs.

Les aires de stockage du minerai ont été construites de la manitre
la plus simple; on a cherché % éviter les mouvements de terrain et &
profiter autant que possible de la pente pour obtenir une disposition en
cascade, de facon & rendre inutile l'usage de pompes. Les aires sont
constituées par une plate-forme en béton imperméabilisée avec du
Flintkote n®5 Shell, et par des parois latérales sans fonction de sout®ne-
ment, qui servent seulement 2 retenir les liqueurs (raison pour laquelle
elles sont enduites du m&me produit que le fond).

Dans les régions peu accidentées, par exemple Urgeirica, les
réservoirs sont tous sur le me&me plan; ils reposent sur une couche de
pierres (fig.5); la figure 6 montre le cas d'une installation située au
flanc d'un coteau, ol les aires ont été construites en gradins, pour
éviter de grandes excavations. Presque tout le fond repose sur du
granite; seules les parties altérées sont enlevées et imperméabilisées
avec du Flintkote.

Les ateliers de précipitation sont de simples batiments démontables
(fig.7) ou se trouvent placés les cuves de précipitation des liqueurs et
un dispositif de filtrage des concentrés obtenus.

On a construit cingq installations de lixiviation (tableau IV), elles
consistent en 21 aires de stockage d'une surface totale de 9346 m?2.

Le prix de revient des aires a varié entre 106, 90 escudos/m2 pour
les installations sur des endroits plats, et 251,60 escudos/m? pour celles
situées A flanc de coteau. Le prix de revient moyen des cinq installations
a été de 164, 40 escudos/m?2.
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3.2. Fonctionnement des installations

3.2.1. Constitution des tas de minerai

Dans chaque installation on mélange les minerais provenant de la
mine % laquelle elle appartient avec des minerais des mines les plus
proches et, dans certains cas (Urgeiriga et Valinhos), on les mélange
de plus avec des sables de l'usine de traitement chimique de Urgeiriga,
qui améliorent la lixiviation grace a leur bas pH et apportent encore

quelques résidus d'uranium.
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FIG. 5. Installation d'Urgeiriga.

Le minerai de chaque mine, ou chaque type particulier de minerai
provenant de la m&me mine, est étudié au préalable pour déterminer les
pourcentages de pyrite et de sulfate ferreux nécessaires & une bonne ex-
traction. A la sortie de la mine, le minerai est criblé & -1", il recoit
les apports estimés nécessaires, puis il est déversé dans les réservoirs
de lixiviation. On peut voir au tableau III les quantités moyennes de ré-
actifs utilisées dans chaque installation.
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Dans l'installation de Urgeiriga, on essaie maintenant de constituer
les tas sans cribler le minerai % 1''; % la fin du traitement, on dé-
termine la quantité de gros qui sont alors, selon leur teneur, broyés
et réintroduits dans les réservoirs de lixiviation naturelle ou envoyés
% 1'usine du traitement chimique.

AN
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TAS DE NINERAI
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FIG. 6. Installation de Bica.

Le minerai est placé dans les réservoirs en tas d'une hauteur mini-
male de 2 m; cette hauteur est dépassée dans les installations ol les
aires sont disposées en gradins, selon l'inclinaison de la base et la
largeur des tas.

L'installation d'arrosage, placée directement & la surface supérieure

des tas, consiste en une tuyauterie principale de 14" avec des ramifications

perpendiculaires de 3'' ol se trouvent les tourniquets d'aspersion.
L'installation est alimentée a partir d'un dépdt élevé, généralement avec

de 1'eau des mines.
Teneur moyenne

Initialement on ne destinait & la lixiviation naturelle que des minerais
dont la teneur en U3Qg $était comprise entre 0,15% et 0,05%; & partir de
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TABLEAU IV. CARACTERISTIQUES DES INSTALLATIONS
DE LIXIVIATION ’

Aires
Installation
Nombre Surface (m?)

Urgeirica 10 2252
Rosmaneira 1 600
Bica 6 3720
Valinhos 2 1619
Vale de Arca 2 1115

TABLEAU V. POURCENTAGES DE MINERAIS TRAITES PAR
CHAQUE METHODE )

Lixiviation " Usine de
Année .
naturelle traitement
1953 31962 14 86
1963 27 73
1964 11 89
1965 4 96

1962, pour mieux tirer profit des réserves des mines en exploitation, la
limite supérieure a été abaissée & 0,12% (tableau III). Cet abaissement
de la teneur supérieure a réduit l'importance de la méthode, les quantités
de minerais traités par lixiviation naturelle devenant de plus en plus
petites par rapport & celles qui sont envoyées & l'usine de traitement
chimique de Urgeirica (tableau V). (Les chiffres pour 1963 sont sans
intéreét, car ils se rapportent & une année ol n'ont été effectués dans les
mines que des travaux de reconnaissance et de tragage.)

3.2.2, Traitement
On commence l'arrosage systématique des tas de minerai en utilisant

1'eau de la mine; cette eau présente l'avantage de contenir un peu
d'uranium en solution et, généralement, d'dtre elle-m&me acide.

g%
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La fréquence et la durée des arrosages dépendent de la pluviosité;
on les regle de fagon a produire des liqueurs ayant des concentrations
en uranium convenables. Généralement les arrosages sont quotidiens
et d'une durée totale de 3 & 4 heures (un ou plusieurs arrosages); les
débits de liqueurs ainsi obtenus oscillent entre 1 et 1,5 litres/h par m
d'aire de traitement.

On contrdle le processus de lixiviation en prélevant des échantillons,
soit du minerai des tas (avec un tube-sonde de 200 X5 cm), soit des liqueurs
produites par chaque tas. On détermine la teneur moyenne en Uy Og des
échantillons pour calculer le taux d'extraction obtenu; dans le cas des
Jliqueurs, on détermine le pH, les concentrations en U;O4 et Fe?t et le
rapport Fe3*/U; 0.

On ajuste la fréquence et la durée des arrosages ou la quantité
du sulfate ferreux selon les résultats obtenus. Lorsque cela se révele
nécessaire, on répand du sulfate ferreux sur les tas pour accélérer la
lixiviation.

2

Liqueurs produites

Les liqueurs sont recueillies dans un réservoir et échantillonnées,
pour déterminer le pH, les concentrations en Uz Og et Fe®* et le rapport
Fe®*/U,0, (tableau VI).

Les liqueurs peuvent ensuite suivre deux chemins différents:

— Dans le cas des installations de lixiviation proches de 1l'usine de
traitement chimique, elles sont pompées et introduites dans le
circuit en un point qui dépend de leur concentration en UzOg.

— Dans le cas des mines éloignées de l'usine de traitement chimique,
elles sont envoyées 4 l'atelier de précipitation de 1l'installation.

Dans les ateliers de précipitation, les liqueurs sont pompées dans
des réservoirs en bois ol1 on leur ajoute du lait de magnésie jusqu'a
ce que le pH atteigne une valeur de 6,3. Le liquide est agité par de
1'air comprimé pendant 30 min, apres quoi on corrige le pH si cela est
nécessaire, on ajoute le floculant Separan NP 10 et on laisse décanter
le précipité, qui est ensuite filtré, mis dans des bidons et envoyé &
1'usine de traitement chimique de Urgeirica, ou il est séché et emballé.

On peut voir au tableau VI les teneurs moyennes des concentrés
obtenus dans les trois installations de lixiviation naturelle ol s'effectue
la précipitation directe des liqueurs par la magnésie (Bica, Rosmaneira
et Vale de Arca).

Durée du traitement et récupération finale

Quand on a commencé & appliquer la lixiviation naturelle & 1'échelle
industrielle, on a fixé la durée du traitement & 12 mois au maximum,
pour maintenir les frais d'amortissement et d'exploitation dans des
limites raisonnables. Dans la pratique, on a constaté qu'il n'était pas
possible d'effectuer la lixiviation dans le temps fixé (voir les durées
moyennes de traitement données au tableau III pour chaque installation).
Cette durée excessive du temps de traitement constitue donc une autre
limitation de la méthode. Pour la rendre applicable & d'autres types de
minerais plus pauvres, il semble qu'on doive prendre deux mesures:



TABLEAU VI,

LIQUEURS ET CONCENTRES OBTENUS PAR LIXIVIATION NATURELLE

Liqueurs Concentrés
Installation
3+ 3+
oH U; O Fe Fe U,0,
&M g/ U304 (79

Bica 2,82 0,57 0,33 0,58 12,9
Rosmaneira 2,45 0,81 0,59 0,73 8,9
Urgeiriga 2,98 0,31 0,65 2,10 -2
Vale de Arca 2,63 0,46 0,62 1,35 9,0
Valinhos 3,70 0,28 0,48 1,71 - a.

2 Les liqueurs des installations de Urgeirica et de Valinhos sont pompées vers l'usine de traitement chimique.

911
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- Rejeter le minerai des réservoirs quand il entre dans la phase c)
(fig.2), ce qui implique par conséquent une perte appréciable d'uranium;

— Augmenter le nombre et la taille des réservoirs, avec pour con-
séquence une élévation des frais d'amortissement.

TABLEAU VII. PRIX DE REVIENT DU TRAITEMENT PAR
LIXIVIATION NATURELLE EN ESCUDOS/ kg Uy04

Installation
Poste
Bica Rosmaneira Urgeiriga Vale de Arca Valinhos
Main d'oeuvre 34,22 13,41 16,71 43,22 24,49
Ateliers 2,01 5,25 5,54 4,71 8,00
Laboratoire 16,04 26,39 18,173 19,45 14,33
Réactifs 32,46 35,60 3,955 28,37 18,02
Matériaux divers 9,16 16,20 6,37 11,11 10,70
Traitement & Urgeiriga 7,45 3,93 19,77 14,29 28,49
Transport 3,63 9,04 2,96 5,47 7,43
Divers 0,66 5,53 0,98 2,27 4,04
Dépréciation 33,70 41,73 31,50 44,15 51,63
Frais totaux 139,44 217,08 106,11 173,10 167,13
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Les récupérations totales obtenues en fin de traitement sont données
au tableau III, ainsi que les teneurs des résidus & partir desquelles elles
ont été calculées.

On constate que 1'on a atteint des récupérations raisonnables
principalement 2 Urgeirica et & Valinhos, ou elles ont été respectivement
de 75% et 85,9%. Dans le cas de Bica, la récupération n'a été que de
57,7%, ce qu'on attribue & la haute teneur en carbonates du minerai.

I1 faut noter qu'au cours de-ladernitre année d'activité de cette mine il
a €té nécessaire d'effectuer des arrosages avec de l'acide sulfurique
N/10 pour réussir la lixiviation du minerai placé sur les aires.

3.2.3, Production et frais
A la fin de 1965 la production de U40, dans les différentes installa-

tions de lixiviation naturelle a atteint le total de 44 206 kg, répartis de
la manitre suivante:

Bica 15362 kg
Rosmaneira 4813 kg
Urgeiriga 12531 kg
Vale de Arca 2761 kg
Valinhos 81739 kg

Les prix de revient ventilés du traitement par lixiviation naturelle
se rapportant & cette production figurent sur le tableau VII. Si l'on tient
compte de la valeur du minerai, les prix de revient sont les suivants:

Escudos/kg UyOq Dollars/livre UzOg
Bica 210, 22 3,21
Rosmaneira 3178, 28 5,95
Urgeiriga 141,64 2,20
Vale de Arca 403, 40 6,35
Valinhos 189, 67 2,98

Le prix de revient moyen pondéré tenant compte de la valeur du
minerai est, pour les cing installations, de 210,77 escudos/kg U,04, soit
3, 31 dollars/livre U30Og.

Ce prix de revient est assez bas, mais on doit remarquer que, selon
le crittre de gestion adopté, le minerai destiné % la lixiviation naturelle
est considéré comme un sous-produit de l'exploitation des mines; dans
le calcul de sa valeur on ne consid®re pourtant que les dépenses afférentes
% l'extraction et au transport & la surface.
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Abstract

PRODUCTION OF HIGH-PURITY URANIUM AT A SOUTH AFRICAN GOLD MINE. The chemistry
of the Bufflex solvent-extraction process is described. Uranium is extracted by a tertiary amine solvent,
from which the impurities are removed by means of dilute ammonia, and the uranium is stripped by an
ammonium sulphate strip. In the pilot plant, these processes are carried out in mixer-settlers. Details of
pumps, flow controllers, and materials of construction are given. The operation of the extraction, scrub,
strip, precipitation and thickening, and regeneration sections is described. Comparative tests on the
elution of ion-exchange resin with 10% sulphuric acid, and with nitrate, are described. The results of
resin analyses and plant tests are given. A breakdown of the costs of reagents in the Bufflex process,
compared with the conventional process, is given. It is concluded that a solvent-extraction process
treating the sulphuric acid eluate from ion-exchange columns is technically feasible. As regards the resin
itself, elution with 10% sulphuric acid is satisfactory. There is more polythionate build-up than with
nitrate elution, and the capacity of the resin is slightly lower, but the difference is small. The operating
cost of the Bufflex process is cheaper by at least 5 ¢/lb U; O3 produced. The product satisfies the most
stringent specification for nuclear-grade uranium, except as regards cobalt, molybdenum, silicon, and
hafnium.

1, INTRODUCTION

A co-operative research programme was undertaken by the Atomic
Energy Board and Buffelsfontein Gold Mining Company Ltd. to investigate
the production of nuclear-grade uranium by a combination of the sulphuric
acid elution and solvent-extraction processes. It was decided that a fairly
large pilot plant would be needed for this purpose, since polythionate
build-up on ion exchange resin could be a serious problem, and this could
only be tested satisfactorily on a set of large columns. One of the six
sets of columns of the Buffelsfontein uranium plant was set aside for this
purpose, since it was more economical and convenient than building a new
set.

2. THE SOLVENT-EXTRACTION PROCESS

Solvent extraction can be defined, for the present purposes, as the
extraction of a metal from an aqueous solution by an immiscible organic
solvent, and the subsequent stripping (or back-extraction into aqueous
solution) of the metal from the organic solvent.

In this 'Bufflex' process, uranium is extracted by amine sulphates
from the sulphate solution obtained by eluting the ion-exchange columns
with sulphuric acid. Chemically this is very similar to the ion-exchange

" The work on which this report is based was carried out by the Extraction Metallurgy Division of the
South African Energy Board.
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process, except that, where ion exchange utilizes the strongly basic
quaternary ammonium groups, the Bufflex process uses the weakly basic
trialkyl amines, The solvent is Alamine 336, which is mainly a mixture
of tridecyl and trioctyl amines., This is used as a 5% solution in lighting
paraffin, to which 2% isodecanol is added. The paraffin serves to lower
the viscosity of the amine, and the isodecanol maintains the amine sulphate
in solution, thereby preventing the so-called third phase formation.

The extraction process can be represented by the equation

U05(S04)5 + 2(R3NH), SO, = (R3NH),UO,(SO,), + SOF

where underlining indicates a species in the organic phase (cf. ion exchange:

- 2-
UO,(SO4)a” + 2(R4N), SO, = (R,N),UO, (SO,); + SO; )

Very few other elements are extracted, because few elements form
anionic complexes in sulphate solution. Only those elements that are
present as anions are significantly extracted, e.g. Mo as molybdate,
Si as silicate, N as nitrate, and Co as an anionic complex like cobalticyanide.
Stripping of uranium from the solvent is analogous to elution from
an ion exchange resin, and can be done in a variety of ways. When the
Bufflex pilot plant was first operated, a mixture of ammonium nitrate
and nitric acid mixture was used. The reaction can be represented
as follows:

(Rg NH), UO, (SO, )3+ 4NOj; = 4R ;NHNO, + UO, (50,)2 + SO

The plant ran very successfully on this strip for some months. How-
ever, there were slow side reactions, the mechanisms of which were
never fully elucidated. All that need be of concern here is that there
was an irreversible chemical change, or degradation, in the amine,
leading to a loss of capacity, and emulsion problems on the plant. It was
shown conclusively that this degradation did not take place to any significant
extent in the absence of nitrate, and for this reason alone the nitrate strip
was abandoned in favour of the so-called ammonium sulphate strip.

In the ammonium sulphate strip the amine-uranium complex is hydro-
lyzed with ammonia as follows: ‘

2- 2-
(R,NH), UO, (SO, ),+ 4NH,OH = 4R ;N + 4H,0 + UO, (SO,),” + SO, + 4NH,

The pH value at which hydrolysis takes place is in the range 3.5 to 5.
It varies from stage to stage, but is always kept low enough to ensure that
uranium remains in solution. Ammonium sulphate is formed and is
recycled after the precipitation of ammonium diuranate. In this way a
high sulphate concentration is maintained in the aqueous phase, depressing
the extraction coefficient of uranium and improving the stripping.

In the scrub section (which precedes the strip section), uranium in
the organic phase is purified by selectively stripping the impurities,
leaving most of the uranium in the organic phase. Obviously this process
will work only for elements that are less readily extracted than uranium,
such as iron, arsenic, etc. It is not suitable for removing molybdenum
and cobalt, since these elements are extracted as well as, or better than,
uranium,
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In the regeneration section, the solvent is treated with sodium carbo-
nate solution which removes the last traces of uranium and acid and con-
verts the solvent entirely to free-base form. The main object of regenera-
tion is to remove traces of anions like thiocyanate, which otherwise tend
to build up and poison the solvent,

The aqueous phase leaving the strip section contains about 10 g/litre
uranium as uranyl sulphate, Ammonium diuranate is precipitated from
this solution by the addition of ammonia to a pH value of 7. 0.

3. DESCRIPTION OF THE BUFFLEX PILOT PLANT

All the operations involving reactions between the solvent and aqueous
phases described in the previous section, viz. of extraction, scrub, strip, .
and regeneration, are carried out in mixer-settler units.

There are many references in the literature to different designs of
mixer-settler: the one for the Bufflex pilot plant is an 'internal' mixer-
settler, and is based on a design developed by Oak Ridge National Lab-
oratory [1]. A diagram of the mixer-settler is shown in Fig. 1,

ORGANIC
PHASE MIXER

INTERFACE AQUEOUS
. PHASE

FIG.1. Diagram, of mixer-settler.

The aqueous and organic phases are introduced into the inner com-
partment, or mixer, and dispersed into a coarse emulsion by means of
a turbine-type agitator. The mixed phases go from the mixer via outlet
A into the settler, where the emulsion breaks into aqueous and organic
phases. The aqueous phase leaves the mixer via B, and the organic phase
via C. The height of the interface, i.e, the boundary between the aqueous
and organic phases, depends on the difference in density between the two
phases, and the difference in height between B and C. The former is
constant for a particular process, and the height of the interface can
be controlled by adjusting the latter.

The important parameters of mixer design are: (a) the residence
time, which is the average time a phase remains in the mixer; and
(b) the power for agitation, which is the power dissipated by the turbine
in stirring the phases. Itwas shown experimentally [1] that, for geo-
metrically similar mixers, the ORNL type of mixer can be scaled up
over a wide range by keeping these two parameters constant,

The important parameter in settler design is the flow-rate of dispersed
phase per unit area, and settlers have been scaled up by keeping this
parameter constant,

The mixer-settlers for the Bufflex pilot plant were designed to have
a residence time of 3 min, a power input of 20 hp/1000 gal, and a
maximum flow-rate of the dispersed phase of 0, 92 gal ft-2 min-1,
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The layout of the plant is shown in Fig.2, There are three banks
of mixer-settler units — the extraction, scrub, and strip banks — and
the regeneration unit. The solvent and aqueous phases are fed in at
opposite ends of each bank, and they flow countercurrently to each other
through the bank, this being the most efficient way of carrying out the
solvent extraction process. There is a difference of one foot in height
between adjacent mixer-settlers in a bank, permitting gravity flow of
one phase. In the extraction bank it is the aqueous phase that flows by
gravity, whereas in the other banks it is the solvent; the other phase is
caused to flow in the reverse direction by pumping.

CONC ELUATE
STORAGE

ADU TO STORAGE

OVERFLOW
SURGE

PRECIPITATOR

EXTRACTION

REGENERATION

La —_—
o

ROTAMETERS — AQUEOUS FLOWS
%0 AUTOMATIC CONTROL —m= SOLVENT FLOWS
VALVES

2 ARLIFTS /" pH CONTROL
! PUMPS FIG. 2. Lay-out of Bufflex pilot plant.

3.1. Pumps

In the selection of an interstage pump for a solvent extraction plant
it must be realized that a great deal of flexibility is required. The pump
must be able to cope with a wide range of flow-rate., A normal centri-
fugal pump is not really suitable: if throttled back too much, it will not
cope with the flow, whereas, if opened up too much, it will suck air and
tend to lose its prime, when it will stop pumping completely.

Air lifts were used on the plant as far as possible, They are com-
pletely self-regulating, and maintenance is reduced to a minimum, as they
have no moving parts. In spite of impressions to the contrary, they are
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quite efficient if properly designed. However, they are not suitable for
lifting liquid to a great height, and their use was therefore restricted to
the interstage pumps. Moreover, because it was feared that their use
would lead to an excessive loss of paraffin by evaporation, they were not
used for pumping solvent, )

Centrifugal pumps made of rigid PVC were used for pumping solvent,
Owing to a tendency of the solvent to foam, it was found by experience that
a certain amount of air could be tolerated before they lost their prime,
However, for general use a vertically mounted centrifugal pump, such as
a Kestner, is to be preferred. This type is completely self-priming,
since air entering the pump is free to escape and is not trapped by the
centrifugal action of the impeller, There also is no need for a sealing
gland and so the maintenance required is reduced.

3.2. Flow control

Flow control is more critical in a solvent-extraction plant than in an
ion exchange plant. On the pilot plant, the normal system of flow control
in uranium plants was used, viz. orifice plates with d-p cells controlling
automatic controller-recorder units, In view of the need for accurate
control of the flow-rate, vessels of known volume were built into the feed
lines so that a flow-rate could be checked by merely closing the outlet
and measuring the time taken to fill a vessel.

The use of more accurate flow controllers would seem to be desirable,
though not essential. Magnetic flowmeters, or positive displacement
meters of the oval gear type, would appear to be alternatives worth
consideration.

3.3. Materials of construction

The mixer-settlers were made at the Government Metallurgical
Laboratory of high-density Polythene by a centrifugal casting process,
They were fairly satisfactory for the pilot plant, but are now showing
signs of breaking at the welds. Polythene is not recommended as a
constructional material for a full-scale plant. Some grades of Polythene
are liable to stress-cracking in contact with amine solvent, Polythene
cannot be welded satisfactorily after being in contact with solvent for
some time, so that it would be difficult to repair Polythene tanks.

The most promising material of construction for mixer-settlers and
tanks is mild steel with a suitable lining. Various lining materials are
under investigation. Polypropylene backed with rubber was used to line
- the raffinate settler and has proved quite satisfactory, apart from a few
blisters that developed soon after installation but did not spread. However,
it is an expensive lining, The solvent storage tank is lined with Prodorfilm,
and has been quite satisfactory, but this lining is not suitable for strongly
acid conditions. It is probable that a suitable synthetic rubber lining,
such as Neoprene, can be developed and some experimental formulations
are being tested. Alternatively, tanks made of a laminate of cold-cured
polyester resin and glass fibre may be satisfactory, and an experimental
tank is under test,

Rigid PVC piping proved to be very satisfactory on the pilot plant
and could safely be used on a full-scale plant, Alternatively, if a suitable
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synthetic rubber lining is developed, rubber-lined steel pipes will be quite
satisfactory.

In general, genuine 316 stainless steel appeared to resist attack by
the sulphuric acid eluate, but inferior grades of stainless steel corroded
rapidly. In one instanee, however, a 316 stainless-steel pump also
corroded fairly rapidly, and for this reason this grade of stainless steel
can only be recommended with some reservations. For equipment like
turbine agitators, a more highly alloyed steel, such as 254 E, is quite
satisfactory.

The windows in the mixer-settlers were made of Perspex, with a
sealing gasket of Pliobond. They have shown no sign of deterioration
after two years.

4., OPERATION OF THE BUFFLEX PILOT PLANT

4.1, Types of emulsion

The emulsion formed in a mixer can be either aqueous-continuous
or organic-continuous. In the former case, small droplets of organic
phase are suspended in the aqueous, whereas in the latter case the
aqueous phase is dispersed in a continuous organic phase, With the
ORNL design of mixer-settler, it is possible to produce either type of
emulsion at will, If the turbine is immersed in aqueous phase on starting,
an aqueous-continuous emulsion will be formed. An organic-continuous
emulsion can be formed by immersing the turbine in organic phase before
starting the stirrer,

The type of emulsion has an important bearing on the solvent loss.
An aqueous-continuous emulsion usually breaks to give an aqueous phase
that is rather cloudy, owing to fine droplets of organic phase that have
not separated. An organic-continuous emulsion usually gives a clear
aqueous phase, on breaking with very little entrained solvent, For this
reason, to reduce the loss of solvent, it is necessary to maintain organic-
continuous emulsions in M-S 1 and M-S 10 (i.e. the mixer-settlers from
which aqueous streams leave the plant).

The type of emulsion formed can readily be checked by measuring
its electrical conductivity: organic-continuous emulsions have almost
zero conductivity, and aqueous-continuous emulsions have a conductivity
about the same as that of the aqueous phase. A simple portable conductivity
meter with probe electrodes was built for checking emulsions on the
plant, and has proved to be invaluable.

4.2, FExtraction

Extraction was carried out in four stages initially, but later this was
reduced to three stages in order to increase the throughput of the plant.
The solvent now enters the plant in M-S 2, and M-S 1 is used as an
'after-settler?.

Even with three stages, an extraction efficiency of 99. 9% is readily
attained. However, since the raffinate is returned to the leach circuit,
nearly all the uranium in it is recovered and there is no great advantage
in a very high extraction efficiency. The plant is therefore run to keep
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the solvent loading as high as possible, mainly to improve the efficiency
of scrubbing and hence the purity of the product, but also to reduce
reagent costs. The extraction efficiency under these conditions is 98 to
99%. The solvent loading is about 5 g U/litre.

4.3. Scrub

The scrub section was originally designed with four stages. The con-
ditions were altered from time to time, as outlined in Table I.

TABLE I. CONDITIONS OF SCRUB SECTION

Period Type of scrub

from
Start to 6/1/65 2 stages water, 2 stages 6% sulphuric acid
6/1/65 - 2/2/65 4 stages water
2/2/65 - 25/5/65 2 stages water
25/5/65 - 1/6/65 3 stages 0. 1M ammonia, using deionized water
1/6/65 - 13/8/65 3 stages 0. 1M ammonia, using drinking water

‘A combined acid and water scrub was used originally because laboratory
tests had shown that acid was more effective than water in removing arsenic,
but that a water scrub was desirable to remove bisulphate, thus reducing
the consumption of ammonia in ammonium diuranate precipitation. Although
the acid used for scrubbing did not represent a cost to the solvent-extraction
section (since it was returned to the leach circuit), once it was found that
arsenic contamination was not a serious problem the circuit was simplified
to a four-stage water scrub. When this proved effective, a two-stage
water-scrub was tried, which also proved to be effective as regards most
of the impurities.

Later on, when problems of crud formation and hafnium removal
arose, a change was made to a dilute ammonia scrub, which is more
effective than a water or dilute acid scrub, Initially, de-ionized water
was used for this scrub, but later a change to plant water was made without
any noticeable effect on the purity of the product.

4.4, Strip and regeneration

Discussion will be confined to the ammonium sulphate strip, since
the nitrate strip was discontinued because of degradation of the solvent,
Loaded solvent from the scrub section enters the strip section via
M-S 10 and leaves from M-S 12, The pH of the aqueous phases is maintained
at the following values:
M-S 10 3.7t03.9
M-S 11 4,6t04.8
M-S 12 5.0to 5.5
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The pH value of M-S 11 is controlled directly by means of electrodes
immersed in the mixer, in which an aqueous-continuous emulsion is
maintained. The pH values in M-S 10 and M-S 12 are controlled indirectly
by the same recorder-controller unit as M-S 11, by splitting the controlled
ammonia feed into three streams,

Solvent leaving M-S 12 normally contains less than 0. 01 g/litre U30g.
However, the stripping efficiency is enhanced because the recycled am-
monium sulphate contains 1,5 g/litre NO4, This nitrate is brought into
the system by the sulphuric acid eluate, which contains traces of nitrate,
It is stripped from the loaded solvent and tends to build up in the ammonium
sulphate, since it is not precipitated with the uranium. If the whole plant
were converted to sulphuric acid elution, the nitrate concentration would
fall to zero and the stripping efficiency would be slightly reduced. It would
probably be necessary to include an extra stage to compensate for this loss
of efficiency.

Regeneration is carried out with 10% sodium carbonate solution, which
is recycled from the settler back to the mixer by means of an air lift. The
carbonate solution is changed once a week, When the solution is fresh, its
pH value is greater than 10, However, it falls quite rapidly with use and
is maintained at a figure of 8.5 to 9. 0 by bleeding in sodium hydroxide
solution.

4.5, Crud formation

The formation of crud is common in solvent-extraction plants, and
in fact the plant where it is not formed is the exception rather than the rule.

Crud consists largely of an emulsion of aqueous and organic phases,
stabilized by a small amount of solid impurities, so that it is virtually
permanent. It generally accumulates to a greater or lesser extent at
the interfaces of the settlers. Under normal circumstances it does not
affect the operation of the plant and is not of practical importance.

Crud formation was never a serious problem when the plant was
running on the nitrate strip. However, as soon as a change was made to
the ammonium sulphate strip, crud started building up very rapidly in the
strip section. The result was that the aqueous phase going to precipitation
carried crud over, resulting in a loss of solvent. Furthermore, because
of the crud, it was impossible to maintain an organic-continuous emulsion
in M-S 10 without increasing the rate of crud formation even further:
consequently the aqueous phase carried over entrained solvent in addition
to the solvent trapped in the crud. Nearly all the solvent was occluded by
the ammonium diuranate on precipitation, and was not returned to the strip
section with the ammonium sulphate recycled to M-S 12, Ammonium
diuranate produced in this way contained up to 40% solvent.

Several causes of crud formation were traced. These were:

(1) Ammonium diuranate, which was formed as a result of running
the strip section at too high a pH value. This was eliminated by reducing
the pH of the strip section.

(2) Ammonia dissolving something from the rubber lining of the
ammonia storage tank, causing crud. This was eliminated by making
ammonium hydroxide continuously from de-ionized water and gaseous
ammonia in a stainless-steel tank,
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(3) Traces of silica in the solvent. It was not possible to eliminate
the silica entirely, butitwas somewhat reduced by using the more efficient
dilute ammonia scrub,

It has not been possible to prevent crud formation in the strip section
entirely, but the rate of formation has been reduced to a point where
M-S 10 can be run with an organic-continuous emulsion,

The small amount of crud still formed is drained when necessary
from the aqueous phase of M-S 10 by means of a siphon and is returned
to M-S 7 in the scrub section, In this way it is possible to prevent
crud from entering the precipitation section.

4.6. Precipitation and thickening

The pH value in the precipitation tank is maintained at 7. 0 by control
of the feed of ammonia by means of an automatic pH controller-recorder.
Since ammonium diuranate tends to build up on the electrodes, causing
erratic control, a spare set of electrodes is kept stored in HC1, and
electrodes are changed over every hour.

The ammonium diuranate produced settles better than that produced
by the normal process in uranium plants, and a 5-ftdiam. thickener has
proved quite satisfactory for this duty, The feed-rate to the thickener
is normally 2 to 3 gal/min,

4.7. Ammonia make-up

Ammonium hydroxide is made up continuously in a stainless-steel
tank by metering in de-ionized water and gaseous ammonia through
Rotameters.

4,8, De-ionized water

De-ionized water was first made by passing plant water through a small
commercial mixed-bed de-ionizer unit. Asthis has a fairly small capacity, it
had to be regenerated frequently. For this reason, larger columns of
anion and cation resin were installed in series with the mixed-bed unit,
which now acts only as a final clean-up stage and is regenerated very
infrequently.

5, SULPHATE ELUTION OF RESIN

Sulphate elution of resin, in addition to providing the feed for the
solvent extraction plant, was considered very important in determining
the long-term effect of elution with 10% sulphuric acid on polythionate
build-up on the resin.

The tests were carried out in the Permutit resin columns of the
uranium plant of Buffelsfontein Gold Mining Company Litd. These columns
each contain 330 ft3 of resin, in a bed 9 ft in diameter by 5 ft deep. They
are equipped forair-dome operation, and most of the elutions were carried
out using an air dome,

Amberlite IRA 400 resin from two sets of columns was used for the
tests, The resin in both sets was practically of the same age, and each
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set had treated approximately 240 million gallons of pregnant solution,
In April 1964, the two sets of resinwere thoroughly mixed, regenerated with
caustic soda, and then distributed between two sets of columns, One set
(No. 5) served as a control, and was eluted with nitrate solution. The
other set (No, 6) was the test set, and was eluted only with 10% sulphuric
acid.

The resin of sets 5 and 6 was sampled immediately after regeneration,
and at intervals during the test period.

It was essential to feed pregnant solution of low nitrate content to
set 6, to prevent nitrate contamination of the concentrated eluate, because
this impurity interfered with the solvent-extraction process. The pregnant
solution fed to set 6 was, except for its nitrate content, identical with that
fed to set 5, A low nitrate content was obtained by the use of a separate
pregnant solution tank for set 6, to which no nitrate-bearing solutions
were recycled., The average nitrate content of the pregnant solution of
set 6 was 0, 038 g/litre, compared with 0.117 g/litre for the pregnant of
set 6,

For most of the tests (from 22/4/64 to 6/3/65), an addition of MnOy
of 3.1 to 3.9 lb/ton was used for leaching. From 208/3/65 onwards, the
MnO; addition was increased to about 5.9 lb/ton, in order to increase the
uranium recovery. The UjOg content of the pregnant solution varied from
0.23 g/litre in the early stages to 0.29 g/litre for the increased MnQO, leach.

5.1, Adsorptions and elutions

The performance of sets 5 and 6 was compared during the period
April 1964 to June 1965. Set 5 was loaded and eluted according to normal
plant practice. The flow-rate of pregnant solution during the adsorption
cycle was between 120 and 140 gal/min. A breakthrough barren value
of 0,006 g/litre was aimed at throughout. The air dome was formed after
breakthrough. This was followed by a water flush of 1 bed volume, after
which the air dome was readjusted to give 9 in. of liquid above the resin
bed. The nitrate eluting solution used was the same as that used for the
rest of the plant. The total nitrate concentration was 1M, and the acidity
was equivalent to 0.4M nitric acid.

The elution cycle was as follows:

Bed volumes Flow—rz_ite
(gal/min)
Step 1 Used eluate to pregnant-solution 0.54 40
storage
Step 2 Used eluate to concentrated-eluate 3.78 30
storage
Step 3 Used eluate to used-eluate 4,03 40
storage
Step 4 Fresh eluate to used-eluate 3.66 30
storage
Step 5 Water flush to used-eluate 0,67 30
storage
Step 8 Water flush to pregnant-solution 0.76 30

storage
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This elution cycle was retained for the whole of the test period. After
the elution, set 5 was backwashed with seven bed-volumes of water before
going on standby.

5.1.1. Adsorption cycle of set 6

The adsorption cycle of set 6 was similar to that of set 5 except for
the following:

(a) The backwash (7 bed volumes) was carried out before elution and
after flush, This reversal of the normal procedure was done to allow the
resin, during standby, to stand in 10% sulphuric acid, because it was
believed at the time that this might tend to decompose the polythionates
accumulating on the resin during the adsorption cycle,

The backwash effluent contained some uranium, and was therefore
returned to the leach circuit,

(b) A royal barren step of 6 to 7 bed volumes was introduced, which
was returned to the leach circuit, This was done partly to recover the
sulphuric acid, and also because preliminary work had revealed the pre-
sence of uranium in the royal barren.

The adsorption flow-rate of set 6 was in the range 115 to 135 gal/min.
This was somewhat lower than that of set 5, but these units were primarily
production units apart from the tests being carried out so that it was not
possible to match flow-rates exactly,

5.1.2, Elution cycle of set 6

The initial, conventional-water-displacement step was omitted, since
this water served to dilute the concentrated eluate, and this was considered
desirable for the solvent-extraction section.

After elution, the eluting solution was not displaced by water in the
conventional manner, in order to allow the resin to stand in 10% sulphuric
acid during the standby period. Moreover, it was felt that any dilution of
the 10% sulphuric acid by water, which would result from an elutriant-
displacement step, was undesirable because this would reduce the
efficiency of elution.

A number of different elution cycles were tried. The flow-rate was
kept constant at 30 gal/min throughout the tests, Some eluations were
incomplete, as can be seen by the concentration of uranium in the eluate
at the end of the elution (see Table IV), The elution cycles are summarized
in Table II.

5.2. Regeneration

In March 1965 it was decided to regenerate sets 5 and 6 for the
following reasons:

(1) The polythionate in set 6, and the silica in set 5, were increasing.

(2) It was nearly a year since the previous regeneration, On the
plant it is customary to regenerate all sets at least once a year,

(3) Set6had a slightly lower capacity than set 5.

The regeneration was carried out by the standard procedure at
-Buffelsfontein, which had been developed especially for silica regeneration
and the prevention of gel formation. The resin was transferred from
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the set of columns to a separate tank, where three bed volumes of 7%
caustic soda was added, The mixture was agitated with air for 16 hours.
The resin was then gravitated into two regeneration columns, flushed

with water and then with 1% sulphuric acid until the pH value of the effluent
was less than 2,

TABLE II. ELUTION OF SET 6 WITH 10% SULPHURIC ACID

Used eluate  Used eluate Fresh eluate  Fresh eluate Fresh eluate

Elution to to to to to
u ) Period concentrated used eluate concentrated used eluate leach

cycle eluate eluate

(bed vol.) (bed vol.) (bed vol. ) (bed vol.)  (bed vol.)

1 20/4/64 - 22/1/64 4.8 - - 4.8 -
2 23/7/64 - 28/10/64 3.8 2.0 - 3.8 -
3 29/10/64 - 10/11/64 3.8 4.2 - 3.8 -
4 11/11/64 - 17/12/64 5.0 2.0 - 5.0 -
5 18/12/64 - 6/2/65 6.0 - - 6.0 2.0
6a 7/2/65 - 6/3/65 - - 6.0 - 6.0
6b 20/3/65 - 20/6/65 - - 6.0 - 6.0

Note: Both sets of columns were regenerated in March 1965. Set 6a was the elution cycle before
regeneration, 6b the cycle after regeneration.

5.3. Results and discussion

5.3.1. Resin analyses

Resin samples were taken at intervals during the period of the test and
analysed for silica, total sulphur polythionates, and cobalt. The results of
these analyses are given in Table III.

It must be appreciated that the problems involved in obtaining truly
representative samples and in conducting the analyses for relatively small
quantities of impurities are such that no great accuracy can be expected,

In fact, many inconsistent results were obtained, and the figures shown
in Table III represent typical results obtained at the Buffelsfontein Analytical
Laboratory and at the Government Metallurgical Laboratory.

It will be seen that the silica build-up in set 5 was more rapid than
that in set 6, but the polythionate build-up was more rapid in set 6 than
in set 5. This confirms that sulphuric acid is less efficient than nitrate
in eliminating polythionates, even though set 6 was left to stand in sulphuric
acid during the standby period. The regeneration was not very effective
for the removal of polythionates.

The results for the analysis for cobalt are erratic, but there does not
seem to be any reason why cobalt should build up more rapidly in set 6
than in set 3.
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TABLE III. RESULTS OF RESIN ANALYSES
Most of the analyses reported were done at the laboratory of
Buffelsfontein Gold Mining Company
Sio, Total S §40¢ Co
Date resinsampled | g\ 5 Ser6 | Sets5 et | Ser5 Set6 | Set5  Setr6
(%) (%) () () (%) (%) (%) (%)
29/4/64 (at start
of investigation) 1.8 1.8 0.2 0.2 0.02 0.02 2.0 2.0
2/11/64 4.1 2.5 0.9 4.7 | 0.03 1.1 1.7 1.9
28/11/64 3.4 2.2 0.7 2.3 | 0.06 1.0 2.2 2.1
13/2/865 4.2 2.2 0.7 2.4 | 0.04 0.7 2.1 2.3
Before regeneration 2 4.3 1.8 2.6 3.9 nil 0.8 2.0 2.1
After regenerationP 0.8 0.8 2.6 4.0 | 0.03 0.7 2.0 2.0

2 get 5 sampled 22/3/65, set 6 sampled 8/3/65.
b gets sampled 30/3/65, set 6 sampled 16/3/65.

5,3.2. Resin capacity

The uranium capacities of the resin from sets 5 and 6 were assessed
in two ways: (a) by calculating the loading of the columns from plant
records (these results are given in Table IV); and (b) by laboratory tests
on resin samples (these results are given in Table V).

Considering Table IV, it can be seen that at first the capacity of set
6 was appreciably less than that of set 5. However, it is clear from the
concentration of U3z Oy in the eluate at the end of elution that elution was
not complete, and therefore too much importance should not be attached
to the results of elution cycles 1 to 4. For elution cycles 5, 6a and 6b,
the capacity of set 6 was slightly, but significantly, lower that that of set 5.

A similar conclusion can be drawn from the results given in Table V.

TABLE V. U,;0; CAPACITY OF RESIN FROM SETS 5 AND 6
FROM LABORATORY TESTS

Chloride capacity
(meq/ g dry resin)

Date
resin was sampled

U, Oy capacity
(meq/g dry resin)

Set 5 Set 6 Set 5 Set 6
2/11/64 2.21 1.98 2.25 2.08
Before regeneration 2 2.30 2.25 2.10 2.07
After regeneration P 2.09, 2.6 1.97, 2.47 1.96 1.97

2 set 5 sampled 22/3/65, set 6 sampled 8/3/65.
b Set 5 sampled 30/3/65, set 6 sampled 16/3/65.
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TABLE IV. Uz;Og CAPACITY OF RESIN FROM SETS 5 AND 6

Elution cycle U, O, capacity U, 0, in eluate frobm
of set 5 (1b/fe3) set 6 at Enfl of elution
(g/litre)
Set 5 Set 6
1 2.40 2.00 0.7
2 2.36 1.80 0.9
3 2.35 2.03 0.8
4 2.35 1.96 0.4
5 2.317 2.08 <0.1
6a 2.32 2.22 <0.1
6b 2.13 1.97 <0.1

5.3.3. Adsorption and elution curves

Figure 3 shows the adsorption curve for set 6 when it was operating
on elution cycle 5 (i.e. the elution was complete). The uranium leakage
is low and compares well with that of set 5, The peak in the sulphate
curve is caused by the displacement of the sulphuric acid used for elution.
From these curves it appears thattwobed volumes of royal barren returned
to the leach circuit would be enough to prevent any loss of uranium or acid.
Figure 4 shows the elution curve of set 5, and Figs 5, 6 and 7 show
the elution curves for set 6 on elution cycles 5, 6a and 6b, respectively.
It is clear that elution with 10% sulphuric acid is efficient. There does not
seem to be any great advantage in eluting with fresh acid for the whole cycle,
and elution cycle 5 should be quite satisfactory for plant operation.
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FIG. 3, Adsorption curve — set 6.



g U0g/LITRE
i

PL-198/24 133

ELUTION CYCLE
USED ELUATE TO PREGNANT SOLUTION 0.54 BED VOLUMES
USED TO CONCENTRATED ELUATE 3.78 BED VOLUMES
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FIG. 4. Elution curve — set 5.
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FIG. 5, Elution curve — set 6.
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FIG. 6. Elution curve of set 6 before regeneration.
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ELUTION CURVE 6 BED VOL.

FRESH TO CONC. ELUATE 6
FRESH TO LEACH 6
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FIG.7. Elution curve of set 6 after regeneration.
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6. REAGENT CONSUMPTION AND COSTS

6.1. Solvent loss

Solvent loss can be a significant item in the operation of a solvent-
extraction plant, and to cut down operating costs it is important to keep
it to a minimum. '

Any solvent present in the stream leaving the plant (in this case, the
raffinate from the extraction section, and the ammonium diuranate slurry
from the strip section) represents a loss. The solubility of the solvent in
water is very low and most of the solvent in these streams is entrained
as very small droplets. The amount of solvent loss in this way depends
on the type of emulsion formed in the mixer, Before the formation of crud
in the strip section was brought under control, an aqueous-continuous
emulsion was maintained in M-S 10, and the loss of solvent in the ammonium
diuranate was high. Since a change to an organic-continuous emulsion
was made, the loss of solvent in this way has been considerably reduced.

The loss of paraffin by evaporation is significant on the Bufflex pilot
plant, especially in summer, However, when a full-scale plant is built,
the mixers, settlers and tanks can be closed with covers that fit tightly,
and this loss will probably become insignificant. A certain amount of
solvent is lost by leaks and spillage.

It has not been possible to assess accurately the loss of solvent by
each of the various routes outlined above. However, the total cost of
Alamine 336, isodecanol and paraffin used for solvent make-up when the
plant is run on the dilute ammonia scrub is only 0.9 ¢/lb U3Og produced.
On a full-scale plant, the consumption of solvent should be appreciably
less than this.

6.2, Sulphuric acid and ammonia

Provided that the sulphuric acid eluted in the royal barren is returned
to leach, the consumption of acid in the elution cycle of the ion-exchange
section is negligible. However, in the solvent-extraction plant, the
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solvent entering the extraction section is in a free-base form and picks
up acid, which is eventually neutralized by ammonia in the strip and scrub
sections andistherefore not recovered. The amount of acid consumed
in this way is very nearly equal to the amount of ammonia used in the
strip and scrub sections, and this fact can be used as a means of estimating
acid consumption. Alternatively, the acid consumption can be estimated
from a measurement of the amount of acid entering and leaving the extraction
section. This necessitates the accurate measurement of the flow-rates
of both the sulphuric acid and scrub, and this is not easy. By a combination
of these methods, the acid consumptionwas found to be 1.0 lb/1b of U3Oq
produced.

It follows from the previous paragraph that the consumption of acid
and solvent is proportional to the flow-rate of the solvent. To minimize
the consumption of these reagents, the solvent flow-rate should be kept
as low as possible, i,e. the loading of uranium in the solvent should be
kept as high as possible.

6.3. Costs

This discussion of the cost of ammonium diuranate produced by the
Bufflex process will be confined to the cost of reagents. There seems
to be little point in going into details of capital costs, since this will
vary from mine to mine. The mixer-settlers themselves are not very
expensive, Buildings, tanks and instruments will make up a large
proportion of the capital cost, and considerable savings would result if
buildings and tanks already in existence could be adapted to the process.
However, asaveryrough guide, the conversion of a uranium plant to the Bufflex
process would probably cost somewhere between 100000 and 200000 rands.

TABLE VI. COST OF REAGENTS FOR THE PRODUCTION OF
AMMONIUM DIURANATE BY THE CONVENTIONAL PROCESS
AT BUFFELSFONTEIN

Reagent Reagent Operating
Reagent Uses of reagent cost consumption cost
(£/1b) (1b/1b UgO0g)  (£/1b U;0y)

Nitric Elution of resin 3.11 2.86 12.33
acid (100%)

Sulphuric Regeneration of resin 0.50 0.07 0.03
acid (100%)

Caustic Regeneration of resin 6.00 0.03 0.18
soda (100%)

Lime Iron precipitation 0.77 0.97 0.15
Ammonia Ammonium diuranate precipitation 6.00 0.512 3.07

Total 16. 36
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The costs of reagents used in the production of ammonium diuranate by
the conventional process at Buffelsfontein, and by the Bufflex process
on the pilot plant using a dilute ammonia scrub, are summarized in
Tables VI and VII,

It can be seen that the operating cost of the Bufflex process is
12, 34 cents per pound of U3Og, less than the conventional process. The
difference in cost is largely that of the nitric acid used for elution in the
conventional process, In the Bufflex process, the sulphuric acid used for
elution is recycled to leach and does not represent a charge to the ion-
exchange section,

It should be noted, however, that this is the saving obtained with old
IRA 400 resin, If IRA 405 resin in good condition were used instead,
the consumption of nitric acid in the conventional process would decrease
and the saving would be less, Allowing for this factor, it is estimated that
the saving would still be not less than 5 cents per pound of U3zOg.

TABLE VII. COST OF REAGENTS FOR THE PRODUCTION OF
AMMONIUM DIURANATE BY THE BUFFLEX PROCESS
ON A PILOT-PLANT SCALE

Reagent Reagent Operating
Reagent Uses of reagent cost consumption cost
(¢/1b) (1b/1b U30g)  (£/1b U30g)
Alamine 336 Solvent make-up 64.38 0.006 0.386
Isodecanol Solvent make-up 16. 68 0.009 0.150
Paraffin Solvent make-up 3.417 0.108 0.375
Sulphuric (1) Regeneration of resin 0.50 1.00 0.501
id .
act (2) (see section 6.2)
Ammonia (1) Ammonjum diuranate 6.00 0.352 2.11
precipitation
(2) Solvent scrub
Caustic soda (1) Regeneration of resin 6.00 0.058 0.348
(2) Regeneration of solvent
(3) Regeneration of water
de-ionizer
Sodium Regeneration of solvent 3.94 0.019 0.075
carbonate
Hydrochloric Regeneration of water 6.06 0.005 0.030
acid de-ionizer
Vaal water Scrub 0.042
Total 4.017
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7. PURITY OF THE PRODUCT

Is the uranium produced by the Bufflex process of nuclear grade or not?
Unfortunately, this is by no means a simple question to answer. There
are many specifications for nuclear-grade uranium, drawn up by different
countries for different uses of uranium. In general, they follow the same
pattern, but differ greatly in detail. One of the most stringent of these
is the Canadian specification, and this has therefore been used as the cri-
terion for the Bufflex product, The specification of the South African
Atomic Energy Board is more lenient and is also given in Table VIII
for comparison,

Composite samples of the ammonium diuranate slurry produced at the
pilot plant were taken daily on a routine basis. They were analysed spectro-
graphically for a number of elements, and also chemically for molybdenum.
The results obtained are summarized in Table VIIIL.

There did not appear to be a significant difference in the purity of the
products obtained when the different scrubs were used and the results for
these are therefore not listed separately.

7.1, Arsenic

In general, the arsenic content was below 10 ppm, but occasionally
it has been higher. The maximum value recorded was 50 ppm. The fact
that it was normally low shows that the scrub section is able to remove
arsenic efficiently, The occasional high results are thought to be due to
variations in the arsenic content of the sulphuric acid scrub, but there are
no analytical figures to prove this.

Arsenic is not specified in the Canadian spec1f1cat10ns for nuclear-
grade uranium, It absorbs thermal neutrons to roughly the same extent as
iron, and accordingly a specification of 35 ppm for arsenic is suggested.
There should be no difficulty in meeting this specification.

7.2. Boron

On the whole, the boron results are quite satisfactory, since the boron
content was normally below 0.3 ppm (the limit of detection)., Any results
above this value are thought to be due to contamination by dust in the strip
and precipitation sections of the pilot plant.

7.3. Cobalt

A small amount of cobalt (5 - 15 ppm) was invariably present. This
was probably due to the extraction of traces of cobalt cyanide complexes from
the sulphuric acid eluate.

Cobalt is not mentioned in the Canadian specification but is definitely
an undesirable impurity, since it captures neutrons to about the same
extent as hafnium. For this reason, a specification of 5 ppm is suggested
for cobalt. It would be difficult to meet this specification consistently with
the Bufflex process, but further decontamination may be achieved in
subsequent processing,



TABLE VIUI.

RESULTS OF SLURRY ANALYSIS COMPARED WITH CANADIAN AND
S.A. ATOMIC ENERGY BOARD SPECIFICATIONS

Results on basis of uranium

Element Range of reported results General reported results Canadian SpeciﬁcaFion S.A. Atomic Energy Board Specification
(ppm) (epm) (ppm based on uranium) (ppm based on uranium)
Aluminium <10 30 50
Arsenic? 50 - < 10 <10
Gold < 1
Barium < 3
Boron2 1-<0.3 < 0.3 0.2 1.8
Beryllium < 0.3
Bismuth <
Cadmium < 0.3 0.2 1.0
Cobalr @ 17-<3 T3
Chromium <10-<3 <10 10 65
Calcium 1
Copper <10 -<3 <10 10
Iron 140 - <3 13+£5 35 150
Gallium <3-«<1 < 3
Germanium <3-<1 < 3
Indium <1
Magnesium ? 12-<3 <3 40 25
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TABLE VIIIL.

(cont.)

Manganese <3-<1 <1 5 25
Nicke1? <3-<1 <3 15 100
Niobium <10

Sodium <10

Lead <10-<3 <10 50
Antimony < 3

Silicon? 10 - 80 25 £ 10 20 85
Tin < 3

Thallium <1

Vanadium <10 -<3 <10 30

Zinc <10

Zirconium @ - 100 - 170 150

Molybdenum @ 40 - 15 25+ 5 1

2 Discussed in the paper.

b on a few occasions higher results were obtained, but these were almost certainly due to contamination during sample preparation, and are not typical.

$2/861-1d

6€1
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7.4, Iron

In general, the iron content is low (10 - 60 ppm), even though it is
present in large amounts in the sulphuric acid eluate. High results for
iron are almost certainly due to contamination from some source., With
proper precautions to prevent contamination, there should be no difficulty
in keeping the iron content below 36 ppm (i.e. the Canadian specification).

7.5. Magnesium

In general the magnesium content is low (less than 3 ppm), but
occasionally a series of higher results was recorded. This was probably
due to a quantity of badly de-ionized water entering with the de-ionized water
used for the making of ammonium hydroxide used for the stripping and
precipitation of uranium. Even under these conditions, there should be
no difficulty in meeting the Canadian or S. A, Atomic Energy Board's
specifications of 40 and 25 ppm respectively.

7.6, Silicon

Samples of the product were analysed for silicon, The results obtained
indicated that the silicon content varies from 10 to 80 ppm. These results
are not very accurate, being at the limit of detection of the method used.
They do, however, show that the silicon content is not much greater than
30 ppm,

7.7. Zirconium and hafnium

The zirconium content of the few samples analysed for zirconium was
in the range 100 to 170 ppm.

Zirconium is not mentioned in the Canadian specification, but in itself
is not an undesirable impurity,

It was not possible to analyse for hafnium directly, since it was below
the limit of detection. However, natural zirconium invariably contains
about 2% hafnium, so that by calculation the hafnium content of the uranium
is about 3 to 4 ppm.

Hafnium is not mentioned in the Canadian specification but, from its
absorption cross-section for thermal neutrons, a specification of 5 ppm
appears to be reasonable,

7.8, Molybdenum

The molybdenum content of the product was in the range 15 to 40 ppm,
which is much higher than the very stringent Canadian specification of
1 ppm.

It should be noted that molybdenum is not in itself an undesirable
element in nuclear-grade uranium; indeed, in some instances, fuel
elements have been made of uranium-molybdenum alloys [2]. However,
.in the gaseous-diffusion process for isotope enrichment it accumulates
at the product end, so that the feed to this plant must have a low molybde-
num content,
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It would be difficult to meet the specification of 1 ppm with the
Bufflex process, but further decontamination may be achieved in sub-
sequent processings.

8, CONCLUSIONS

The Bufflex experiment has demonstrated that a solvent-extraction
process treating the sulphuric acid eluate from the ion-exchange columns
is feasible,

Ion-exchange resin can be eluted successfully with 10% sulphuric
acid, but will have a uranium capacity slightly lower than resin eluted
with nitrate, The difference is small, and is probably due to a polythionate
build-up. The slightly shorter adsorption cycles appear to be of no real
significance, provided the production of uranium is maintained. The reagent
costs for elution will not be increased as a result of the shorter adsorption
cycles.

Except for polythionate, the poison build-up and general performance
of resin eluted with 10% sulphuric acid are no worse than those of resin
eluted with nitrate,

Since polythionate poisoning is not as serious a problem at Buffelsfontein
as it is at some other mines, it is possible that a larger build-up of this
poison would occur at those mines. However, it seems unlikely that it
will build up to such an extent that it will affect the operation of the columns.

The operating cost of the Bufflex process is cheaper than that of the
conventional process by at least 5 cents per pound of U3zOg produced.
Although detailed figures for the capital cost of the full-scale plants re-
quired have not yet been calculated, these costs should not be large enough
to affect the economic feasibility of the process.

The uranium produced is pure enough to pass even the most stringent
nuclear-grade specification, except as regards cobalt, molybdenum,
silica, and hafnium, Laboratory tests have shown that 80 to 90% of the
hafnium is readily removed by a dilute ammonia scrub, reducing the
hafnium content to less than 1 ppm, To confirm this by plant tests,

a more sensitive method for the analysis of hafnium will have to be
developed.

Laboratory tests on the removal of cobalt and molybdenum are still
in progress, It should be noted that, if necessary, cobalt could be
eliminated by changing to a reverse leach-procedure. If the ammonium
diuranate is processed further to UF,, most of the molybdenum would
be removed by the 'French process' for making UF,.

In general, the silica content is only slightly above specification, and
is frequently below it,
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Abstract — Resumen

INVESTIGATIONS ON THE NATURE AND PHYSICAL CONCENTRATION OF SPANISH URANIFEROUS
QUARTZITES. A study was made of a sample of radioactive material from Santa Elena (Jaén) containing
130 ppm USOS, 300 ppm ThO,, 4.96% ZrO, and 14. 29% TiO,. O\{er 150 million tons of material were
examined. In the light of the studies carried out the material can be defined as a rutilo-zirconiferous
quartzite with a double radioactivity source due to the uranium enclosed in the zircon lattice structure
and 1o the presence of monazite. The possibility of brannerite or davidite being present can be discarded.
There is likewise no conclusive evidence of the presence of sphene, rutile being the most abundant
titanjum mineral. The author determined the features of the ore with a view to its physical concentration
and applied magnetic and gravimetric separation and the flotation process. The use of oleic acid as
collector has permitted good zircon recovery.

ESTUDIOS DE CARACTERIZACION Y CONCENTRACION FISICA DE CUARCITAS URANIFERAS
ESPANOLAS. Se ha estudiado una muestra de material radiactivo procedente de Santa Elena (Jaén) con
130 ppm de U;0,, 600 ppm de ThO,, 4, 96% de ZrO, y 14, 29 de TiO,. El material examinado es
considerable: mas de 150 millones de toneladas. De acuerdo con los estudios realizados se puede definir
como una cuarcita rutilo-circonifera con dos fuentes de radiactividad debidas al uranio englobado en la
red del circon y 2 la presencia de monacita. Se descarta la posibilidad de existencia de brannerita o
davidita. Tampoco existen pruebas concluyentes de que contenga esfena, siendo el rutilo el mineral de
tizanio mas abundante. Se han determinado las caracteristicas de 1a mena con vistas a su concentracién
fisica. Se ha ensayado la separacion magnética, gravimeétrica y flotacién. El empleo de acido oleico,
como colector, ha dado buenas recuperaciones de circon.

1. INTRODUCCION

Desde hace ahos [1] se conoce la presencia de radiactividad en
numerosos puntos de la Zona de Despeflaperros comprendida entre
Aldeaquemada y Santa Elena (Jaén), y Almuradiel y Almagro (Ciudad
Real) (figura 1). El estrato radiactivo estéd constituido por una cuarcita
rutilo-circonifera, procedente de areniscas metamorfizadas.

Segin una cubicacién citada en [2] las reservas alcanzan a 155520000 t
equivalentes a 102000 t UsOg, 39000t ThO2, 9000000t ZrO2 y
28 000000t TiO;. Las leyes eran bajas y variables, entre 130 ppm
UgOg y 0,34% U3 Og, 250 y 630 ppm ThO,, 6,6 y 22,6% TiOg y 2,1 y
7,9% ZrOg. A pesar de las dificultades técnicas que encierra, la
explotacién de estos yacimientos se ha estudiado repetidamente debido
a la gran cantidad de mineral que contienen.

La mayoria de los trabajos fueron realizados desde el punto de vista
mineraldgico [1, 2, 3, 4], aunque también en el afio 1956 el Battelle
Memorial Institute [4] realizé algunos tanteos sobre el tratamiento
metalirgico del mineral. El interés fundamental se centré en la recu-
peracidn de uranio y torio, aunque posteriormente se pensé también en
realizar una valorizacién total de la mena recuperando circonio y titanio.
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Los distintos autores estan de acuerdo en que la radiactividad del
mineral procede de dos fuentes: los circones y el cemento o minerales
intergranulares. Sin embargo hay gran discrepancia, pues Alia {1]
atribuye fundamentalmente la radiactividad a los circones, y el resto a la
existencia de brannerita; Mingarro y Arribas [2] creen que el uranio se
encuentra, en su mayoria, en el cemento intergranular, y ademaés
Arribas [3] supone otra fuente de actividad en la esfena. Por iltimo,

SANTA ELENA (Jaén)
FUENTEOBEJUNA (Cordoba)

PORRINO ( Pontevedra) .
PLAYAS GALLEGAS

H LN —

A=
Q % o 4
sr b fﬂ
, %den Puertolig - %
- ,,# 2 % :rodiel

- 2 Aldeaquemada|

Escala 1:1.500.000

ZONA DE SANTA ELENA

MIOCENO R PEVONICO GRANITOS
E=3 TRIAS (] siurico BASALTOS

CUARCITAS

[ITI1D) carsonFERO  [777] CAMBRICO (=1 rapiacTivas

FIG. 1.. Mineralizaciones de circén mis importantes en Espafia y detalle de los afloramientos de las
cuarcitas de la zona de Santa Elena,

Smith [4] coincide con Alia en la importancia de los circones y localiza
el resto de actividad en los concentrados de titanio, atribuyéndola a la
guadarramita (mezcla de davidita e ilmenita).
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Ante esta situacidn se inicié una investigacidén que permitiese fijar
los componentes del mineral y tamafios de liberacién, especialmente con
miras a su concentracién fisica y tratamiento hidrometalirgico para
recuperar uranio, titanio, circonio ytorio. Se realizaron ensayos de
concentracién fisica y actualmente se estd dedicando atencién a la
lixiviacidn.

2. MINERAL

Se trabajé con material tomado de una muestra de 100 t (lote 9.03)
de mineral bastante homogéneo con tamafnos de hasta 40 cm, de color
rojo obscuro en la superficie y gris en la fractura, compacto y de grano
fino. Por desmuestre mecénico se separé la muestra necesaria para
los estudios a un tamafo de 2 mm.

El anélisis cuantitativo (%) de los elementos més importantes fue:
Al, O3 (4,04); CaO (0,25); Fey04(8,63); P05 (0,22); SiO, (65,34);
ThO2(0,06); TiOg (14,29); UgOg(O 013) y ZrOg (4,96).

Segin los estudios mineraldgicos precedentes [3 y 4] cabia esperar
como:

a) Minerales esenciales: cuarzo (30-80%), circén (10-20%), rutilo,
ilmenita, esfena y leucoxeno (30%).

b) Minerales accesorios: Turmalina, sericita-moscovita, clorita-
biotita, magnetita, 6xidos de hierro, sustancias carbonosas, inclusiones
de pizarra.

La identificacién de todos los minerales constituyentes por observa-
cién petrogréafica de secciones transparentes de la roca resulté bastante
dificil pues las preparaciones aparecian muy tefiidas de éxidos de hierro,
y la edad del yacimiento ha dado lugar a granos microscépicos muy
rodados en los que no se pueden distinguir las formas cristalinas ni
medir las propiedades opticas.

De los minerales citados por Arribas y Smith dnicamente se
pudieron identificar en la muestra el cuarzo, la turmalina, el circén
y el rutilo. La distincién entre los minerales opacos fue précticamente
imposible. Habia unos cristales amarillos redondeados de dificil
definicién que podrian corresponder a la variedad amarilla del rutilo[5];
también podrian corresponder a la esfena ya que algunos cristales
mostraban las lineas tipicas de exfoliacién. Heinrich [6] indica ademis
que los granos detriticos de esfena se parecen mucho a los de rutilo
amarillo.

También se confirmé la existencia de la materia carbonosa citada
por Arribas, que aparece en la pulpa de mineral molido.

Los tamafios medios de los cristales eran de unas 100 um para el
cuarzo y de 50 um para el circén y el rutilo, Los minerales opacos se
presentaban en un tamaflo intermedio entre el del cuarzo y el rutilo.

3. ESTUDIOS DE CARACTERIZACION MINERALOGICA
Partiendo de la informacidn anterior y teniendo en cuenta las

dificultades indicadas, se realizaron una serie de ensayos por
separacidn fisica a escala de laboratorio, en cuyo control se utilizé

10



146 de LORA

el analisis mineraldgico, fotomicrografias, anilisis de rayos Xy
analisis quimico y radiométrico.

3.1. Ensayos

La marcha general es la indicada en la figura 2 y comprendié la
molienda al tamafio de liberacién, la separacién de lamas y arenas
seguida de una clasificacién por tamizado y de separacién de cuarzo
por bromoformo (p =2,80), acabando por la separacién magnética en
un aparato Frantz-Isodinamic con inclinacién de 10° y recogiendo
fracciones cada 0,2 A entre 0y 1,6.

SEPARACION MAGNETICA
Az Amperios
P2 Producto

LIGEROS

PESADOS

LIGEROS

[ Froccidn Separacion
-270m. con_ BryCH

PESADOS

FIG. 2. Diagrama de flujo de los ensayos de separacién en laboratorio de mineralogfa.
3.2. Andlisis

El andlisis microscdpico se realizépor recuento de puntos segin la
técnica descrita por Barringer [7], contando: cuarzo, circédn, minerales
transparentes de titanio (rutilo y su variedad amarilla) y opacos. Para
pasar a porcentajes en peso se tomaron las densidades de: 2,6, 4,7 y
4,2 para cuarzo, circén y minerales de titanio, respectivamente. La
técnica, aunque laboriosa, fue més répida que el andlisis quimico.

El anilisis radiométrico se realizé sobre las muestras de las que
no se tenia peso suficiente para andlisis quimico, o cuando interesaba

- una informacién aproximada. Se realizé por recuento de particulasaen
un contador de centelleo.

En el andlisis por rayos X, los debyegramas se realizaron con la
radiacién CoKe, empleando filtro de hierro, en camaras de 114,59 mm
de didmetro a 30 kV, 10 mA y tiempos de exposicién de 3 h,

10%*
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3.3. Resultados

De los ensayos de molienda a 48 mallas y andlisis mineralégico se
obtuvieron los resultados que se indican en la tabla I, en los que se
observa que a -65 mallas se libera el 30% del cuarzo, mientras que el
circén y el cuarzo sélo se liberan para tamafios inferiores a -200 mallas.
En la figura 3 se incluyen algunas fotomicrografias de las fracciones de
tamizado. ‘ ‘

TABLA I. TAMANOS DE LIBERACION

r’?arﬁzzs‘ Rechazos Volumen (%)
Tyler &) Circén MT de Ti Cuarzo Opacos Granos
liberado liberado liberado liberado mixtos
+ 65 0,91 0,2 0,2 31,3 - 68,3
+100 4; 45 0,5 0,4 25,0 - 13,9
+150 9, 69 0,2 0,8 28,3 - 70,5
+200 7,88 2,5 3,6 33,6 - 60,1
270 11, 41 21,3 17,8 55,9 4,8 -
-2708 65,59 32,4 20,2 38,1 9,1 -

@ El an4lisis microscépico se ha efectuado sobre el producto deslamado.

Por otra parte, la fraccién de -270 mallas se separd por elutriacién
en siete productos y se analizé uranio y, semicuantitativamente, circonio.
La ley original era de 70 ppm U3Og y 1,3% ZrOg; en los productos
recogidos hubo uno (-53 + 46,5um) con fuerte concentracién en uranio y
circonio, pues tuvo 170 ppm U3Og y >10% ZrOg, y otro {-5,8 um), con
ligero enriquecimiento, 100 ppm U3 Og y ~ 1,4 ZrOy; el resto tuvieron
de 40 a 60 ppm U3sOg.

En la tabla II se dan los resultados de un ensayo tipico de separacién,
incluyendo el anilisis microscépico y la actividad a; por otra parte, en
la figura 4 se dan seis fotomicrografias de algunos productos obtenidos,
pudiéndose observar en la de concentrados de circén la redondez de
los bordes de los cristales y las inclusiones, aspecto tipico de los
granos detriticos.

Podria sorprender la forma en que se han separado los minerales,
esto es, el rutilo entre las fracciones magnéticas y el circén en las
fracciones no magnéticas (P. 20 y P. 40), ya que aunque ambos, el

"circén y el rutilo, son minerales no magnéticos, casi todos los autores
consideraron al circdn algo mas magnético que al rutilo. Por ejemplo,
Davis [8] daparalafuerzade atraccién magnética delcircénunvalor de
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a)  Fraccion ~48+65.-m. | b} Fraccion ~65+100 -m.

Cuarzo liberado y cristales mixios Cuarzo liberado y ‘mixtos  con circon
con circon. ocluide

PO e

¢} Fraccion -100 +150.-m. d .} Fraccidn - 15G+200.=m,
Abundancio de circon liberado
juntoa mixtos

Cuorzo. liberado, mixtos y circon
iiberado

f.} Fraccion ~270.-m
Aparicion de. cristales: partidos

de mineral original (luz natural X 90},

1,01y para el rutilo 0,37, siendo 100 la del hierro y 40,18 la de la
magnetita. Sin embargo, el contenido en hierro de los minerales puede
hacer variar completamente este cuadro. Incluso, se ha recogido algo
de circén en la fraccidén més magnética, lo cual esta de acuerdo con
Pullar [9] que indica la existencia, en muchos yacimientos, de circén
con inclusiones ferruginosas, que lo hacen magnético, variando su
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TABLA II. SEPARACION MAGNETICA EN SEPARADOR
ISODINAMICO FRANTZ
Producto Peso Anilisis microscépico (% peso) Actividad
(%) Circén MT titanio Cuarzo
Alimentacién 100, 00 8,6 19,0 57,1 100
-200 +270 mallas 26, 96 - - - 26
-270 mallas 37,80 - - - 50
Lamas 35,24 - - - 24
Fraccién ligera total 44, 21 0,5 4,6 91,5 8
P.11 (0 A) 0,05 7,8 35,2 1,5)
P.12 (0,2 A) 0,10 3,9 36,5 7, 8)
é P.13 (0,4 A) 0,11 3,9 94,6 1,4 1
; P.14 (0, 6 A) 2,05 0,4 94,6 4,9)
2 P.15 (0, 8 A) 1,85 2,3 90,8 6, 8) 4
& | p.16(1,04) 0,92 2,0 93,1 4,8)
2 | P.17 (1,24 0,41 3,0 88, 4 8,4
é’ P.18 (1,4 A) 0, 31 2,2 88,1 9,5 2
‘-§ P.19 (1,6 A) 0,15 11,4 76,9 11,9
]
& | P.20 (No magn.) 3,19 75,6 19, 4 4,8 14
P.31 (0 A) 0, 05 7.5 88,5 2, 5)
P.32 (0,2 &) 0, 05 8,1 80,6 2,3)
P.33 (0,4 A) 0,05 7.9 80,8 2,5)
g | P.34(0,64) 1,39 1,3 88,0 1,6)
Té P.35 (0, 8 A) 1,59 0,5 83,9 6,0 12
l§, P.36 (1,0 &) 0,51 2,3 91,8 5, 8)
3 | P31 (L24) 0,41 2,2 93,2 4,5) 4
& | p.ss 1,4 A) 0,26 5,8 90,4 4,0
’§ P.39 (1,6 A) 0,21 4,9 81,5 1,5
£ | P.40 (No magn.) 6, 83 74,3 18,3 7,8 30

susceptibilidad con la cantidad de hierro presente, que puede ser
bastante como para que aparezca entre los miembros de menor

susceptibilidad del grupo de la ilmenita.
Segiin los resultados que se presentan en la tabla II, el 44% de la
actividad se localiza en los concentrados de circén, el 24% enlos de
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rutilo rojo.

titanio, el 8% en la fraccidn ligera total y el 24% en las lamas. Esto
dltimo est4 de acuerdo con lo indicado para la fraccién menor de
270 mallas.

Del 24% de actividad que corresponde a los concentrados de titanio
(teniendo en cuenta los resultados del andlisis microscépico, hay que
considerar como concentrados de titanio toda la fraccién magnetita
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pesada), sélo el producto magnético recogido a 0,8 A, al tamafio de
-270 mallas, supone el 50%, o sea el 12% de la actividad total. Esta
concentracidén también ocurre en el tamaifio de -200 + 270 mallas,
pero no de manera tan acusada,

Para intentar dilucidar esta cuestién se efectuaron anilisis espec-
trograficos semicuantitativos de los productos de la fraccién pesada
correspondiente a -270 mallas (P.31 a P.40, ambos inclusive, de la
tabla II). En la tabla III aparecen los resultados.

Hay dos hechos significativos, Por una parte, el aumento en el
contenido de Py Oy y LagOgz, con maximos de 1,5y 0,2%. respectivamente,
en el producto recogido a 0,8 A. Por otra, la concentracién de hierro
que se distribuye en dos zonas, alta para los productos recogidos desde
0 a 0,8 A y baja para los restantes. El contenido mas bajo, 0,4%,
corresponde al concentrado de circén,

Paralelamente a estos anilisis, se determiné el contenido de
U30g y ThOg, en todos los productos del ensayo, uniendo las dos
fracciones de tamizado, y €l de ZrOg, TiOg y CaO en los més
significativos. Se dan los resultados en la tabla IV.

Por ultimo, se realizaron debyegramas de los productos P. 15,
P.20, P.34, P.35, P.39 y P.40 y se compararon las lecturas de los
correspondientes a los productos P. 34 (0,6 A, -270 mallas), P.35
(0,8 A, -270 mallas), P.39 (1,6 A, -270 mallas) y P.40 (no magnético,
~270 mallas), respectivamente, con los valores de espaciados e
intensidades de los minerales mas probables, tomados de las fichas
de Hanawalt.

De las leyes de ThOg, PgOs5 y Lag O3 y de los debyegramas
correspondientes, se deduce que la actividad alta de la fraccidn
magnética recogida a 0,8 A, puede ser debida a la existencia de
monacita, que se libera a 270 mallas.

La distribucién de los concentrados de hierro y de titanio en las
fracciones magnéticas (tabla III), pueden depender de la presencia
de las dos variedades de rutilo, rojo y amarillo. EIl color rojo y su
intensidad dependen del contenido de hierro [10]. EI rutilo amarillo,
con menor proporcidén de hierro se ha recogido, efectivamente, en
las fracciones menos magnéticas.

El pequeilo contenido en calcio de la muestra (tablas III y IV),
descarta la posibilidad de la existencia de esfena.

Resumiendo se puede decir que la muestra estudiada tuvo la
composicién mineraldgica siguiente:

Minerales principales Minerales accesorios (<1%)
Cuarzo 55% Ilmenita

Circén 8% Magnetita

Rutilo 16% Monacita

Arcillas 15% Materia carbonosa
Micas 5%

El rutilo se presentd en sus dos variedades roja y amarilla en una
proporcidén de 2,3:1.

Los responsables de la radiactividad de la muestra fueron el circén,
fundamentalmente, y la pequefia cantidad de monacita. El circdn es una
variedad uranifera, semejante al existente en Pogos de Caldas (Brasil)
aunque con menor contenido en uranio [11].



TABLA III. RESULTADOS DE LOS ANALISIS ESPECTROGRAFICOS SEMICUANTITATIVOS DE LOS pan
PRODUCTOS RECOGIDOS EN EL SEPARADOR MAGNETICO DE LA FRACCION PESADA A -270' MALLAS L

0o de 0A 0,2 A 0,44 0,6 A 0,84 1,04 1,24 1,44 1,64 No magn.

P.31 P.32 P.33 P.34 P.35 P.36 P.37 P.38 P.39 P.40

ALO, 2 2 2 2 2 2 1 1 0,8 0,3

BO, <0,3 <0,3 <0, 3 <0,3 <0,3 <0,3 <0,3 <0,3 <0,3 <0, 3

BaO <0, 003 <0, 003 <0, 003 <0, 003 <0, 003 <0, 003 <0, 003 - - 0, 003

Ca0 <0, 04 <0, 04 <0, 04 <0, 04 0,05 <0, 04 0, 04 <0, 04 <0, 04 0,1

Co0 <0, 02 <0, 02 <0, 02 <0, 02 <0, 02 - <0, 02 - - -

cro, 0,2 0,05 0,1 0,08 0,1 0,2 0,08 0,06 0,2 0,02

cuo 0,1 0, 06 0, 02 0,01 0,01 0,03 0, 02 0,01 0,05 0,01

Fe,0, 14 14 14 11 12 7 5 4 4 0,4 &

La,0, 0, 02 0,03 0,01 0,04 0,2 0,1 0, 08 0,03 - - S

Lo <0, 002 <0, 002 0,002 0, 002 <0, 002 0, 002 0,002 0,002 <0, 002 0, 002 §

Mgo 0,04 0,06 0,3 0, 05 0,08 0,04 0,04 0,03 0, 02 <0, 02

MnO 0, 09 0,2 0,3 0, 06 0, 09 0,02 0, 02 0, 01 0, 01 0,01

NiO 0,2 0,02 0,01 0, 004 0,01 0,004 0,004 0,004 0,004 -

PO, <0,17 0,8 0,7 0,7 1,5 1 0,8 0,8 0,7 0,7

PbO 0,004 0, 007 <0, 004 0, 003 0,008 0,004 0,004 0,004 0,004 0,008

sio, 10 20 6 6 9 18 18 18 17 20

sno 0,004 0, 007 0, 004 <0, 004 0, 008 0,01 0,01 0,01 0,01 <0, 004

TiO, 10 10 >12 >12 >12 >12 >12 >12 >12 >12

v,0, 0,1 0,2 0,15 0,1 0,4 0,6 0,4 0,4 0,5 0,1

Y0, <0,2 <0,2 <0,2 <0,2 <0,2 <0,2 <0,2 <0,2 - <0,2

z0, 2 3 0,4 0,1 0,2 0.8 2 2 1 >3

a
El patrén utilizado contenfa solamente el 3% de ZrOz.
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" No parece probable la existencia de davidita, o de su variedad
guadarramita, ni de brannerita. Tampoco hay pruebas concluyentes de
la presencia de esfena.

4. ENSAYOS DE TRATAMIENTO

Del estudio mineralégico se desprende que, a pesar del tonelaje del
yacimiento, su interés en el momento actual es escaso. No obstante,
se hicieron algunos tanteos de concentracién y aunque los estudios se
interrumpieron durante cuatro afios, se ha empezado de nuevo a trabajar
en ellos.

4.1. Molienda

Se ha determinado la curva tipica que corresponde a la de un mineral
de una dureza de tipo medio en las primeras etapas de la molienda y de
tipo entre blanda y semiblanda en las etapas finales (para un cernido
superior al 55% por el tamiz de 200 mallas),

4.2. Lixiviacién directa

Unicamente se hicieron unos ensayos previos de ataque dcido y
alcalino a 80°C, 24 h con pulpa del 50% en sélidos. Por via 4cida se€
empled &cido sulfirico de 100 g HeSO4/1, 1 kg Fe®* [t y 1 kg MnOzg/t.
En la lixiviacién alcalina se usé una disolucién con 50 g NagCO3/1 y 50 g
NaHCOg/1. La extraccién de uranio en los dos casos fué inferior al
0,1%. Por consiguiente, hay que recurrir a métodos més dréasticos y
preferiblemente sobre productos procedentes de concentracién fisica.

4.3. Concentracién fisica

Los primeros ensayos de concentracidén gravimétrica realizados
(criba y mesa), as{ como los de concentracién magnética y electrostética,
resultaron negativos, por lo que dados los tamafios de liberacién se
pensé en la flotacién como el método mas prometedor para la obtencidn
de un concentrado de circén.

Después de unos ensayos de tanteo con colectores anidnicos y
catidénicos, se decidi6 realizar unplanteoabasede acido oleico como
colector y aceite de pino como espumante. Se empled mineral molido
(93%) a menos 270 mallas y sin deslamar, en forma de pulpa al 20% en
sélidos y con 20 min de acondicionamiento. El disefio comprendid las
variables y niveles siguientes:

A. Dosis de colector g/t 300 600 1200
B. pH de la pulpa 3,5 5
C. Tiempo de flotacién, min 3 6
D. Presencia de depresor NagSiOs g/t 0 400

En la tabla V se dan los resultados obtenidos, recuperaciones de
circén y rutilo. Las mejores recuperaciones, para ambos, se tuvieron
a pH 7 y con dosis de colector de 600y 1200 g/t, sin que fuese



TABLA IV. RESULTADOS DE LOS ANALISIS QUIMICOS DE LOS PRODUCTOS
RECOGIDOS EN LA SEPARACION MAGNETICA

[}

Anilisis (%)

Producto Distribucién Distribucién
U0, ThO, zro, TiO, ca0 U,04 (T ThO, (B
Alimentacién 0, 0101 0,060 5,16 16, 00 0,30 99,9 99,9
Lamas 0, 0070 0, 055 - 12,50 - 25,8 33,0
Fraccion ligera 0, 0050 0, 050 - 1,15 - 23,0 31,6
Magn, a 0,4 A 0, 0114 0, 064 - - - 0,4 0,3
Magn. a 0,6 A 0, 0103 0, 063 0,59 48, 50 0, 40 3,6 3,17
Magn, a 0,8 A 0, 0129 0,123 4,36 50,00 0,20 4,6 17,2
Magn. al1,0 A 0, 0105 0,123 3,08 83,25 0,25 1,6 3,1
Magn, a 1,6 A 0, 0075 0,075 - » 48, 40 - 1,3 2,2

No magnético 0, 0379 0,075 42, 82 11,75 0,20 39,6 12,8

Va0T °p




TABLA V.,

FLOTACION CON ACIDO OLEICO - RECUPERACION DE CIRCON
' pHde 1a pulpa

3,5 5
Dosis de Tiempo de
Dosis de icid i
SiOgNa, flotacién ¢ dcido oleico (/1)
®/Y (min) 300 600 1200 300 600 1200 300 600 1200
Recuperacién de circén
0 3 12,3 47,9 48, 0 43,3 45,4 79,8 25,9 93,1 93,3
6 14,5 51,17 62,4 52,6 56,3 91,8 33,9 96,5 96,4
400 3 56,1 52,1 49,17 60,2 25,1 59,9 85,8 88,3 90, 6
6 62, 4 61,17 13,5 68,2 46,6 80,3 90,17 96,0 96, 4
Recuperacion de rutilo
0 3 22,1 34,9 29,4 27,1 20,1 51,1 48,2 85,6 82,9
6 27,7 42,1 39,3 39,1 32,3 11,1 60,9 94,1 94,3
400 3 28,8 21,3 19,2 31,5 26,9 58,3 12, 8 83,4 87,0
6 39,4 29,6 35,9 36,0 37,8 16,8 19,5 91,5 95,6
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significativa la presencia de depresor. La relacién de concentraciéon
fue muy pobre, 1,5 aproximadamente. El mejor concentrado de circédn,
aunque sélo con el 20% de ZrOg, se obtuvo en las condiciones siguientes:
3,5 de pH, 300 g/t de 4cido oleico, 6 min de agitacién y sin la adicién de
depresor. La recuperacién en estas condiciones fué pequefia: 74,5%.

El trabajo se continda en la actualidad; se estd tratando de eliminar
en primer lugar cuarzo a tamafio grueso, realizar una remolienda y en el
producto fino intentar el enriquecimiento en uranio, circonio y titanio,
para lixiviarlos luego y proceder a su separacidn.
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Abstract — Resumen

SPANISH RADIOACTIVE LIGNITES; NATURE AND SOLUBILITY CF THE URANIUM. The authors
describe the features of some 70 samples of radioactive lignites from various places in Spain (Huesca,
Lerida, Teruel, Galicia and Murcia) with uranium contents varying between 20 and 1200 ppm. They
carried out experiments on extraction of the uranium from these ores both by direct treatment and after
roasting to eliminate organic matter and bring about concentration. The acid method was considered for
leaching of the uranium from the substances in question using agitation and static bed techniques.
Investigations were also carried out on the effect of the variables represented by grain size, amount of
acid, temperature time and oxidants, in addition to those involved in the roasting process.

LIGNITOS RADIACTIVOS ESPANOLES, NATURALEZA Y SOLUBILIZACION DEL URANIO. Los autores
presentan las caracteristicas de unas 70 muestras de lignitos radiactivos procedentes de distintos puntos de
Espafia (Huesca, Lérida, Teruel, Galicia y Murcia) con leyes de uranio comprendidas entre 20 y 1200 ppm.
El beneficio del uranio de estos minerales se ha abordado por tratamiento directo y después de someterlos
a tostacion, lo que elimind la materia organica y produjo enriquecimiento. La lixiviacién del uranio de
los productos indicados se considerd por via icida, utilizando técnicas de agitacién y de lecho estitico. Se
investigd la influencia de las variables tamafio de grano, dosis de acido, temperatura, tiempo y oxidante,
ademas de las implicadas en los procesos de tostacién.

1. INTRODUCCION

Lia presencia de uranio en materias carbonosas ha sido sefialada con
frecuencia y se han realizado intentos para recuperar el uranio de las
mismas. En Estados Unidos se efectuaron intensas investigaciones en
este campo [1, 2, 3] y se elaboraron diversos proyectos [4], pasindose
recientemente a la etapa de explotacidn industrial. En Europa también se
realizaron investigaciones, siendo de destacar los trabajos realizados en
Yugoslavia [5].

El descubrimiento de los lignitos radiactivos en Espafia es relativa-
mente reciente: finales de 1963 y principios de 1964. No obstante, los
indices descubiertos han sido numerosos y se tiene gran esperanza en
ellos como futuras fuentes de uranio.

De acuerdo con los afloramientos y la continuidad de las capas el
tonelaje es considerable. En muchos puntos los trabajos de exploracidn
se han podido seguir ficilmente porque existen minas de lignito en explota-
cidén, o abandonadas pero accesibles. De los indices considerados hasta
ahora los méas prometedores son las cuencas de Calaf y una pequefia
adyacente a la misma, con una superficie de unos 60 km?2, y la de Fraga-
Mequinenza-Almatret, con una extensidn aproximada de 150 km?2,

En la tabla I se dan los anilisis de algunas de las muestras recogidas.
Hay una gran diversidad de leyes, con algunos valores realmente intere-
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TABLA I. RELACION DE ALGUNAS DE LAS MUESTRAS DE LIGNITOS PROCEDENTES DE DISTINTOS

YACIMIENTOS
Muestra original (%, Ceniz
Origen Ref. l({o/zg Ce(l:;/i)zas : e ;30:8

S0, P,0; CO, Mo U042 (ppm)

Calaf L-2 4,1 93,0 8,2 0,19 3,25 - 50 54
Calaf L-3 2,7 80, 8 10,5 0,62 1,10 - 900 1114
Calaf L-6 7,5 50,7 2,9 0,32 2,84 - 3417 685
Calaf L-8 4,5 75,1 8,6 0,57 0, 70 - 6565 872
Calaf L-18 2,1 43,2 16,0 0, 22 0,30 - 1150 2662
Calaf L-19 4,2 13,0 14,8 0,32 0,80 - 1130 1548
Calaf L-21 6,0 38, 2 5,4 0,03 0,04 0,018 299 783
Calaf L-22 4,5 43,0 5,17 0,05 0, 04 - 140 323
Calaf L-24 8,17 39,7 6,0 0,07 0,03 0,012 186 469
Calaf L-25 16, 6 55,8 13,6 0,11 0,08 0,019 294 5217
Calaf L-66 3,3 38,5 4,0 0,12 1,15 0,006 395 1025
Calaf L-67 7,1 58,1 6,2 0, 23 0,07 0,021 1225 2110
Calaf L-68 5,6 31,6 5,22 0,23 2,63 0,006 152 480
Calaf L-69 4,1 32,1 3,3 0,11 1,20 0, 010 304 948
Fraga L-40 7.7 67,8 - - - - 102 150
Fraga L-42 22,5 66,8 - - - - 84 126
Fraga L-43 23,4 32,6 - - - - 117 359
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TABLAT (cont.)

| Oﬂgeh et HO Cenizas Muestra original (%) C;r;)zas

%) %) s0, P,0, co, Mo U0.? (ppm)

Fraga L-45 8,6 83, 6 - - - - 118 141
Fraga L-46 11,2 18,4 - - - - 40 51
Fraga 1-49 28, 8 33,9 - - - - 182 537
Fraga L-51 22,0 26, 8 - - - - 47 175
Fraga L-52 25,0 10, 8 - - - - 25 231
Teruel L-53 6,7 91,3 - - - - 175 192
Teruel L-54 59 92,4 - - - - 597 644
Teruel L-55 4,1 93,5 - - - - 228 244
Teruel L-57 4,7 95, 6 - - - - 63 66
Pobla de Segur L-60 15,7 4,4 - - - - 17 178
Pobla de Segur L-62 9,6 14,5 - - - - 131 903
Pobla de Segur L-63 10, 2 20, 6 - - - - 198 961
P. Garcia Rodriguez L-34 0,2 88,7 0,42 - 0,2 0,16 <0,01 30 33
Berga L-35 7,1 13,2 1,17 0,08 1, 27 < 0,001 10 102
C. de Berges L-36 2,0 85,6 6,0 0, 26 1,52 <0,01 43 50
" Murcia L-37 - - - - - - - 56

ppm U,C;.

6/861-1d

6ST



160 JOSA et al.

santes y que justifican su investigacién, Sin embargo, dada la limitacién
de recursos de nuestro pais, se considerd conveniente realizar una investi-
gacibn escalonada ligando los trabajos de prospeccién e investigacién
geoldgico-minera con los de metalurgia extractiva. En este sentido la
investigacidn metalirgica se dedicd fundamentalmente a la etapa de lixivia-
cidn como fase clave desde el punto de vista de rendimiento y de costes.

La solubilizacién del uranio se ha abordado, por una parte, sobre la
base del lignito original triturado a tamafo grueso y cuyos estériles de
lixiviacibén se podrian aprovechar como combustible y, por otra, en la
recuperacién del uranio de las cenizas procedentes ya de una tostacién o
combustién adecuada para la disolucién del uranio, ya de las cenizas de
una posible central térmica cuyo subproducto seria el uranio. I.os resul-
tados obtenidos son prometedores y la investigacidén geoldgica prosigue con
la realizacidén de sondeos complementarios, con la ayuda de testigos.

En cuanto al analisis quimico de los lignitos o de sus cenizas, cabe
comentar ligeramente el contenido en impurezas:

El contenido en sulfatos estuvo comprendido entre el 6 y el 37% y gran
parte del mismo proviene de las inclusiones de yeso. Si se considera su
repercusidn sobre el proceso de tratamiento la incidencia mayor corres-
ponderia al método alcalino de ataque, para el que habria que prever con-
sumos altos, 66 ~410 kg/t, de carbonato sbdico. Esto hizo que se dejara
para méas adelante el estudio de la lixiviacién alcalina.

La ley en carbonatos fue muy variable: menos de 0,1 a 6,2% CO3;. El
consumo de acido a que equivaldria su existencia estaria comprendido entre
menos de 16 kg/t y 100 kg/t de cenizas.

Los contenidos en fosfatos fueron variables, entre 0,1 y 1% P;O0s5, y
seria de prever la necesidad de una precipitacién del concentrado en dos
etapas para los eluidos de cambio de ién, aunque bastaria la operacién en
una fase para la extraccién con disolventes.

La concentracién de cal, procedente del yeso y caliza, fue alta:

66-23% CaO. También se tuvieron leyes altas en hierro, 9-18%, que en su
mayoria se solubilizé en la lixiviacibn. Los contenidos en molibdeno fueron
inferiores a los previstos de los analisis espectrograficos semicuantitativos.

Desde el punto de vista geoldgico no parece que haya gran diferencia
con otros yacimientos de lignitos radiactivos, en que el uranio estd retenido
y concentrado en el carbdn de baja calidad. En la actualidad se estan
realizando determinaciones petrograficas sobre los testigos de sondeos y
también ensayos de concentracién fisica,

2. TOSTACION

L.os lignitos radiactivos espafioles tienen poderes calorificos bajos, infe-
riores a 4000 kcal /kg. Su contenido en cenizasesde 30 a 40%. Esto,unido a
la baja ley del mineral original, indujo a pensar en su combustién como
un método para elevar la ley de alimentacidén al mismo tiempo que se podia
incrementar la capacidad de una planta de tratamiento,

Por otra parte, se lograria un menor consumo de reactivos por kilo-
gramo de uranio solubilizado, mayor recuperacidén de uranio, me jores
caracteristicas de sedimentacién y filtracién de las pulpas y soluciones
més puras de materia orgénica. Todos estos extremos han sido compro-
bados en los ensayos realizados, descritos méas adelante.
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Las tostaciones se hicieron en un horno de mufla con regulacidén auto-
mética de temperatura. Se observd que la temperatura de 450°C era
suficiente para conseguir una buena eliminacidén de materia organica.
Temperaturas mas altas (hasta los 900°C) dieron pérdidas por calcinacidn
similares, Hay que tener en cuenta, ademés, que no se deben sobrepasar
los 600°C, pues ello produciria una sinterizacién del material que se re-
flejaria en una menor recuperacién de uranio.

3. LIXIVIACION

Segln se ha indicado antes se considerd el ataque de los productos
tostados y del mineral original. Ademéas, se estudid tanto la lixiviacidn
con agitacién como en lecho estatico, ambas con acido sulfirico. De esta
forma se tuvo una comparacidén entre los dos tipos de ataque y, por otra
parte, la lixiviacidn estatica permitié obtener una visidn méas detallada
del fendémeno de disolucidn tanto del uranio como de las impurezas.

3.1. Lixiviacidn estatica

Estos ensayos se realizaron en columnas de vidrio de 72 mm de dia-
metro, con una altura de lecho aproximada de 25 cm, estando el peso de
muestra comprendido entre 750 y 1000 g, La granulometria de la alimen-
tacién fue -5 mm. Las dosis de acido estuvieron comprendidas entre 125y
360 kg HzSO4/t distribuidas en 9-18 ciclos de solucién acida, cada uno de
los cuales constaba de 12 h en fase de riego y otras 12 h en periodo de
maduracién., Todos los ataques se realizaron a temperatura ambiente
(18°C).

3.1.1. Lignitos originales

En la tabla II se presentan los resultados obtenidos en la lixiviacidn
estatica de lignitos. Para muestras sin tostar las recuperaciones de uranio
variaron considerablemente de unas a otras y estaban en el intervalo del
27 al 92%, con valores medios del 60%. Fueron, pues, valores general-
mente bajos aunque no podia atribuirse a un defecto de acido, pues en todas
las muestras la acidez libre presentaba valores suficientemente elevados
(>25¢g H?SO4/1) . El potencial de oxidacién también tuvo valores adecuados.

Las concentraciones en impurezas no fueron excesivamente altas,
especialmente en lo que se refiere a fosfatos. EI hierro se hallaba en su
mayor parte en el estado férrico. Se observd que la disolucién de uranio
e impurezas fue simultanea en las primeras etapas del proceso, y la ob-
tencidén de soluciones relativamente libres de impurezas sera probable-
mente diffcil.

Los liquidos procedentes de estos ataques presentaron intensas colo-
raciones pardo-negruzcas producidas por la presencia de materia organica,
lo cual afectard a las etapas de purificacién, tanto si se hace por extraccidén
con disolventes para formar emulsiones como si se efectlia por cambio de
ién, en cuyo caso se produciria un envenenamiento de la resina. La
eliminacidn previa de materia organica de estos liquidos de lixiviacidn
seria dificil y costosa.

11
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TABLA II, LIXIVIACION ESTATICA DE LIGNITOS - RESULTADOS GLOBALES DE ALGUNAS DE LAS

MUESTRAS
Acido sulfiirico Efluentes
Volumen Recupe-
Muestra recogido Potencial Acidez Conc. media racidn
U Conc. (1/) intervalo méxima final (g/1) g Us0y/1 (%)
(g/v (g/H (mV) g H,S0,A Fe (t) R0, (intervalo)
Productos sin tostar
L-8 125 40 3400 450 - 540 26,6 4,2 0,44 0,22 - 0,41 89,1
L-8 125 80 1900 450 - 530 31,3 6,4 0, 66 0,15 -0, 63 90,1
L-18 125 40 3400 370 - 500 21,9 2,8 0,16 0,12 - 0,24 41,2
L-18 125 80 1800 350 - 510 27,5 4,4 0,18 0,12 - 0,39 43,1
L-67 200 100 2190 500 - 525 73,5 9,8 0,83 0,25 -0, 80 92,3
L-68 200 100 1950 400 - 415 72,5 3,3 1,04 0,019 - 0,125 55,1
L-69 200 100 1950 375 - 410 91, 2 3,1 0,57 0,010 - 0,079 26,9
Productos tostados ’
L-8 123 40 2800 340 - 540 <3 9,6 1,93 0,13 - 2,61 94,6
L-8 125 80 1200 330 - 450 <3 15,3 4,05 0,30 - 6,85 90,6
L-18 125 40 2800 270 - 500 <3 6,6 0,69 0,08 - 2,40 87,6
L-18 125 80 1200 270 - 420 <3 8,5 1,16 0,40 - 3,64 84,9
L-67 300 100 2800 420 - 650 66,0 25,2 1,48 0,10 - 3,62 98, 8
L-68 360 100 3100 200 - 460 71,0 6,3 2,32 0,014 - 0, 56 88,8
L-69 300 100 2500 200 - 480 70,0 4,1 1,39 0,022 - 0,83 91,2

291
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3.1.2. Lignitos tostados

Se utilizaron como alimentacién las cenizas de tostacidén a 450°C. Los
resultados fueron, en todos los casos, mayores que los obtenidos de los
correspondientes productos sin tostar. )

Se utilizaron dosis de acido (kg/t de ceniza) iguales o mayores que en
el caso de muestras sin tostar, La acidez libre resultd inferior a la ob-
tenida para muestras sin tostar. En algunos casos aquélla fue muy baja,
afectando las recuperaciones que hubiesen sido probablemente més altas
con el empleo de dosis mayores de acido.

Los valores del potencial fueron en la mayoria de los casos suficien-
temente elevados para una buena marcha de la lixiviacién. En algunas
muestras comenzd con valores bajos en los primeros riegos, tal vez
originados por la presencia de materia orgéanica debida a una tostacion
incompleta, como parece indicar la coloracidn de los liquidos obtenidos
en estos primeros riegos; sin embargo, pronto alcanzd valores aceptables.

Los liquidos parec{an exentos de materia orgénica (salvo lo indicado en
el punto anterior). Las concentraciones de hierro y fosfatos fueron
mayores que las obtenidas con productos sin tostar, repitiéndose el hecho
(quizad mas acentuado en este caso) de que su solubilizacidén tuvo lugar en
los primeros riegos. Aunque la finalidad de estos estudios no fue deter-
minar la influencia de los diversos factores que podian afectar a la lixivia-
cién sino mAas bien obtener una idea del comportamiento y variabilidad de
las muestras se observd que, para una misma dosis de acido, el empleo de
soluciones mas diluidas conducia a mejores y méas rapidas extracciones de
uranio pero se obtenian soluciones fértiles méas diluidas.

Resumiendo, se advirtid que el consumo de acido fue relativamente
elevado tanto para muestras tostadas como sin tostar. Sin embargo, puesto
que en la mayoria de los casos la acidez residual de los {iltimos riegos
era elevada (figuras 1 y 2), cabia la posibilidad de la recirculacidén de estos
liquidos para un mejor aprovechamiento del 2cido. Un circuito en contra-
corriente de este tipo presentaria ademas las ventajas de obtener soluciones
fértiles de composicién mas homogénea.

En la tabla III se hace un estudio comparativo de los resultados obteni-
dos en la lixiviacidn estatica de tres muestras de lignitos. Su comporta-
miento general varib de unas a otras como corresponde a sus distintas
caracteristicas. Asi, la L-67 respondid bien al ataque Acido tanto si estaba
tostada como si no lo estaba, mientras que las otras dos apenas si se
atacaban sin tostar. Las diferencias se mantuvieron en los datos de con-
sumo de Acido: la muestra L.-67 consumid méas acido por peso de muestra
atacada cuando se tostd previamente, mientras que para la 1.-68 y L.-69 el
consumo se redujo en un 25%. Esto se reflejo en el coste del acido con-
sumido en lixiviacidn que fue algo mayor para la muestra L-67; en cambio,
en las otras dos se redujo, con la tostacidén, a menos de la mitad.

3.2. Lixiviacidn con agitacién

Los ensayos se realizaron a escala de laboratorio utilizando pesos de
muestra que oscilaban de 100 a 500 g. EIl producto se molid a -35 mallas.
Para la obtencidon de las cenizas se tostaron los lignitos a un tamafio
méximo de 5 mm y posteriormente se realizé la reduccién a la granulo-
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TABLA III. LIXIVIACION ESTATICA - COMPARACION DE
LIGNITOS SIN TOSTAR Y TOSTADOS

Muestras L-67 L-68 1-69

Lignitos originales

Ley, g UO/t 1221 208 291
Recuperacién, % g0, 92,3 55,1 26,9
Pérdida peso, % 27,9 0 1,1
Ley residuos, g U0/t 131 93 215
Pérdida uranio, g U,0; /& 94 93 213
Consumo H,SO,, kg/t 88’ 109 73
Consumo H,S04, kg/kg U0, solubilizado 78 947 942
Coste H,S0, , pts/kg UyOy solubilizado 117 1420 1413
Lignitos tostados
Ley, g U;O; /t 1920 528 928
Recuperacion, % U,O, 98, 8 88,8 91,3
Pérdida peso, % 20,5 5,5 8,7
Ley residuos, g U,O, /t v 28 62 89
Pérdida uranio, g U,0, it 22 59 81
Consumo H,SO,, kgh 190 243 178
Consumo H,SQ, , kg/t original 110 1 57
Consumo H,S0, kg/kg U,0, solubilizado 100 517 210
Coste 1,50, , pts/kg U,0, solubilizado 150 776 . 315

metria citada. La relacién liquido/sélido empleada en el ataque fue de
2/1 para los dos tipos de productos. El resto de las variables dependié de
cada ensayo particular.

3.2.1. Lignitos originales

Se hizo un nlimero reducido de ensayos, puesto que no se tenfan muchas
esperanzas en ellos. Los resultados conseguidos (tabla IV) pusieron de
manifiesto el escaso interés de un tratamiento seglin esta lfnea. Las recu-
peraciones fueron bajas en todos los casos, pese a que los potenciales de
oxidacidén estaban todos por encima de los valores minimos necesarios y
las dosis de acido utilizadas dieron unos valores finales del pH muy bajos.
Las demés condiciones, especialmente la temperatura, estaban a unos
niveles suficientemente altos para esperar incrementos sensibles en la
recuperacidén al aumentar los niveles de dichas variables. La calidad de
los liquidos fue deficiente con elevado contenido en materia orgénica.



TABLA IV.

LIXIVIACION CON AGITACION DE LIGNITOS - RESULTADOS GLOBALES DE ALGUNAS DE

LAS MUESTRAS ESTUDIADAS

Condiciones

Conc. en liquidos (g/1)

Extraccion
Muestra H,SO, Temperatura Tiempo U.0 Fe(t) PO U(fy(o) )5
(kgh) (°0) () (pH) (mvV) ¥ s
Productos sin tostar
L-3 200 60 12 0,17 490 0, 285 14,6 2,22 63, 6
L-82 125 60 12 0,5 490 0, 230 17,5 0,61 10,4
L-18 150 60 12 0,6 480 0, 795 7,1 0,34 63,5
L-19 125 60 12 0,7 590 0,435 5,6 0,45 71,6
Productos tostados
L-3 130 60 12 1,1 410 0, 540 2,9 2,70 82,1
L-8 90 60 12 1,2 500 0,425 5,6 2,30 93,3
L-18 95 60 12 1,2 495 1,040 4,9 1,00 82,6
L-19 95 60 12 1,3 500 0,"730 3,2 1, 60 88, 7
L-67 150 20 12 0,9 480 0, 985 20,2 1,86 94,0
L-67 300 20 12 0,7 470 1,005 24,3 2,10 95, 6
L-67 150 20 24 1,2 475 1,015 22,2 1,96 94, 9
L-67 300 20 24 0,8 460 1, 015 26,0 2,12 96, 2
L-67 150 60 12 1,8 500 1,015 13,8 1,50 95, 7
L-67 300 60 12 1,4 520 1,035 31,17 2,22 97,6

2 Se afladi6 30 kg MnO,/t.
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TABLA IV (cont.)

Condiciones Conc. en liquidos (g/1) Extraccién
Muestra H,S0, Temperatura Tiempo 0.0 Fe(t) P,0 U(?'/(:)s
(kg/) 0 () (pH) (mv) 3 *
Productos tostados

L-67 150 60 24 1,4 490 1, 030 13,3 1,86 96,4
L-67 300 60 24 1,0 510 0, 995 33,0 2,26 98,1
L-68 150 20 12 3,6 120 0, 005 9,0 0,72 2,0
L-68 300 20 12 1,4 220 0,175 11,1 2,70 67,4
L-68 150 20 24 4,0 - 0, 035 5,1 0, 82 15,4
1L-68 300 20 24 1,4 150 0, 145 14,5 2,53 56,4
1-68 150 60 12 4,3 - 0, 010 1,6 0,05 4,0
L-68 300 60 12 2,3 - 0, 215 23,4 0,93 1,3
1L-68 150 60 24 5,6 - 0, 005 5,6 - <2

L-68 300 60 24 2,2 - 0,185 21,6 0,96 73, 6
L-69 150 20 12 1,3 - 0,135 .1 1,12 32,3
L-69 300 20 12 1,2 - 0,310 12,4 1,39 69, 2
L-69 150 20 24 1,2 360 0, 380 5,2 1,15 18, 6
L-69 300 20 24 1,1 360 0,405 5,6 1,56 89,9
L-69 150 60 12 0,9 415 0,435 3,6 1,15 84,5
L-69 300 60 12 1,8 - 0,370 32,9 0, 81 82,3
L-69 150 60 24 2,1 - 0,390 3,6 0, 86 85,1
L-69 300 60 A 1,3 390 0, 425 7,9 1,70 93,2

6/861-1d
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TABLA V, COMPARACION DE LA LIXIVIACION CON AGITACION
DE LIGNITOS SIN TOSTAR Y TOSTADOS

Muestras L-3 L-8 L-18 L-19
Cenizas, % 80, 8 75,1 43,2 15,0
Ley original, g U308/t 900 655 1150 1130
Ley cenizas, g U308 /t 1114 872 2662 1548

Lixiviacién lignitos originales

Acido sulfiirico, kg/t 204 123 150 125
MnO,, kgh 30 0 0 0
Pérdida peso, % 2 12 24 18
Rendjmiento. % U0, © 63,6 70,4 63,5 11,6
Residuos, g U043/t 333 219 523 421
Pérdida, g U308/t 326 193 398 345

Consutno y costes:

Acido sulfirico, kg/kg U0, - 357 267 205 154
Manganesa, kg/kg U0, 52 0 0 0
Coste reactivos, Pts/kg U0, 795 400 307 231

Lixiviacidn cenizas

Acido sulfiirico, kg/t 150 90 96 96
Mno,, kgh 0 0 0 0
Pérdida peso, % 2 4,8 5,1 41
Rendimiento, % U0, 82,1 93,3 82,6 88,7
Residuos, g U,0,/t 241 64 468 194
Pérdida, g U,044 236 61 440 186

Consumo y costes:

Acido sulfirico, kg/kg U;0; 164 111 43 70
Manganesa, kg/kg U,0, 0 0 0 0
Coste reactivos,Pts/kg U,0, 246 166 64 105

Conversidn a base lignitos originales

Acido sulfiirico, kgh 121 68 41 70
MnoO,, kgh 0 0 0 0
Pérdida, g U308 h 190 46 190 136
Rendimiento, % U,0, 78,9 93,0 83,5 88

Coste reactivos, Pts/t 182,5 102 61,5 105
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3.2.2, Lignitos tostados

Paralelamente a lo ocurrido en el caso de lixiviacidén estética, los
resultados fueron mejores que para los lignitos originales (tabla IV). En la
tabla V se han resumido los datos méas interesantes para la comparacién
del comportamiento frente a la lixiviacién con agitacién de productos
tostados y sin tostar. En ella se ve la ventaja que supone el tratamiento del
lignito previamente tostado, tanto para las recuperaciones globales de
uranio, como para el consumo y coste de acido. Ademas, los liquidos
obtenidos estaban libres de materia orgéanica.

Las variables que mas afectaron a la solubilizacidén del uranio (tablaIV)
fueron la dosis de acido y la temperatura; la influencia del tiempo, en el
intervalo considerado, fue nula o muy pequefia. Para las diferentes mues-
tras la magnitud de los efectos fue distinta., Para conseguir buenas solu-
bilizaciones las dosis de acido deben ser elevadas, con valores compren-
didos entre 150 y 300 kg/t, utilizando también temperaturas proximas a
60°C. Estos valores sefalan un orden de magnitud alrededor del cual debe
centrarse una investigacidén méas detallada. Otro punto a considerar es el
empleo de agentes oxidantes en algunas de las muestras que presentan
potenciales redox excesivamente bajos.

3.3. Influencia de la temperatura de tostacién en la solubilizacibén de
uranio

Se estudié la posible influencia de la temperatura de tostacién sobre la
solubilizacidén del uranio. Se consideraron temperaturas de 400, 600, 800
y 900°C. Las cenizas se molieron a -35 mallas y se atacaron durante 24 h
‘utilizando dos dosis de acido (200 y 300 kg HySO4/t) y dos temperaturas
(20 y 60°C). Las extracciones de uranio, en porciento, fueron:

Condiciones de ataque Temperatura de tostacidn (°C)
kg H,80, /t Temperatura (°C) 400 600 800 900
200 20 91,4 88,7 4,4 50,3
200 60 94,2 87,2 56,9 57,4
300 20 92,1 88,17 4,4 50,3
300 60 94,2 85, 7 52,7 57,4

Al margen de las pequefias influencias debidas a las condiciones de
ataque, los resultados pusieron de manifiesto que las temperaturas altas
de tostacidn originaban pérdidas altas de uranio, especialmente por encima
de los 600°C. El intervalo de tostacién méas adecuado es el de 400 a 450°C,
Actualmente se estan realizando estudios méas detallados sobre esta variable.

3.4, Comparacién de lixiviacidn estatica y con agitacién

Los resultados obtenidos con muestras sometidas a ambos tipos de
lixiviacién indican que pueden conseguirse recuperaciones del mismo orden,
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quiz4 ligeramente superiores en lixiviacién estatica. A continuacién se
indican los resultados para una serie de cenizas, tratadas con la misma
dosis de acido en ambos tipos de lixiviacién, y aquellos cuyos intervalos de
solubilizacién corresponden a ataques realizados en distintas condiciones
de temperatura y concentracién de acido. ’

Uranio solubilizado (%) en lixiviacién

Muestra
Estatica Con agitacién
L-8 90,6 - 94,6 93,3 .
L-18 84,9 - 87,6 82,6
L-67 98,8 95,6 - 97,1
L-68 88,8 67,4 - 77,3
L-69 91,3 82,3 - 93,2

Estas ligeras diferencias en favor de la lixiviacidén estatica pueden
atribuirse a la distinta forma de adicidén del 4cido, que en el caso de la
lixiviacidn con agitacidén tuvo lugar al comienzo del ensayo y con una sola
adicidn, mientras que en la lixiviacién estitica se hizo una distribucién
gradual a lo largo de los distintos riegos. Esto puede dar lugar a un mayor
consumo de 4cido por parte de la ganga y consecuentemente a una dis-
minucién en la solubilizacidén del uranio en la lixiviacién con agitacién.

3.5. Costes de reactivos

Las tablas III y V dan los resultados metaliirgicos y los consumos y
costes de reactivos para distintas muestras de lignitos tostados y sin tostar,
para lixiviacidén estatica y lixiviacidén con agitacidn respectivamente.

Los resultados metallirgicos y consumos de reactivos se han comen-
tado anteriormente. Por lo que se refiere a los costes de reactivos, éstos
resultaron mucho mas pequefios cuando se atacaban las cenizas de tostacidn
que cuando se trataba de lignitos originales. Esto se debe, por una parte,
a una mayor extension del ataque y, por otra parte, a un menor consumo
de reactivos cuando se refieren a lignitos sin tostar,

Se observa una gran diferencia en los costes de reactivos entre las
distintas muestras consideradas. A ello contribuyen fundamentalmente la
ley en uranio, el contenido en cenizas y el consumo de acido., Este iltimo
podria reducirse mediante un circuito en contracorriente para lixiviacién
estatica o utilizando un ataque en dos etapas en lixiviacidn con agitacidn.

4., CALIDAD DE LOS LIQUIDOS Y RECUPERACION

Los liquidos procedentes de productos sin tostar presentan, por su
elevado contenido en materia organica, caracteristicas desfavorables para
posteriores tratamientos, lo que unido al bajo rendimiento de lixiviacién
y al elevado consumo de reactivos hace que no sean muy prometedores los
circuitos basados en ellos,
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Por lo que se refiere a la lixiviacidén de productos tostados, los liqui-
dos no contienen materia orginica y se consideran adecuados para su
recuperacidn, bien por cambio de ién o por extraccidn con aminas, de-
biendo basarse la eleccidn, de unauotratécnica, enun estudio experimental.

Las concentraciones de uranio, mediante un circuito apropiado en
contracorriente, puede considerarse que oscilarian, en las muestras estu-
diadas, entre 0,2y 1 g UsOg/l. EI contenido en hierro de los liquidos
seria en general elevado, estando la mayor parte en forma férrica, y en
cuanto a los fosfatos, su concentracidén seria méas bien baja.

Un circuito aconsejable para este tipo de productos consistiria en una
etapa de reduccidén de tamafio, tostacidn a 450°C, molienda posterior a
-35 mallas, lixiviacién en dos etapas, recuperacidn del uranio por extrac-
cidén y obtencidén de un concentrado por precipitacién. Como alternativa se
podria introducir la lixiviacién estitica sobre cenizas trituradas.
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Abstract — Resumen

STATIC LEACHING OF SPANISH URANIUM ORES. The paper summarizes the experience acquired
in Spain during seven years of investigation on the static leaching of uranium ores. The operations covered
minerals showing wide variations with regard to both uranium content (250 and 2000 ppm) and the type of
rock and gangue (granites, shales, sandstones, sulphides, carbonates, limonites etc.). The studies were
carried out on quantities of material varying from a few kilograms to several tons. Leaching agents included
water, solid reagents (pyrites), alkaline carbonates and sulphuric acid. The systems used consisted of both
simple layouts and other, more elaborate schemes including recycling of the liquors. The uranium was
recovered from the liquors first by direct precipitation and later by ion-exchange and extraction with amines.

LIXIVIACION ESTATICA DE MINERALES ESPANOLES DE URANIO. La memoria resume la experiercia
espafiola de siete afios de estudio sobre lixiviacion estitica de minerales de uranio. Se ha estudiado una
gran variedad de minerales tanto en lo que respecta a ley de uranio (250 y 2000 ppm), como a la naturaleza
de las rocas y gangas (granitos, pizarras, areniscas, sulfuros, carbonatos, limonitas, etc.). Los estudios se
han realizado en diferentes escalas; desde kilogramos a varias toneladas. Los agentes de lixiviacién han
sido variables: agua, reactivos sblidos (piritas), carbonatos alcalinos y acido sulfiirico. . Los circuitos
empleados se refieren tanto a esquemas sencillos, como a otros mas elaborados con recirculaciones de
liquido. La recuperacién del uranio de los liquidos se resolvié inicialmente por precipitacién directa, pero
luego se efectudé mediante cambio de ion y extraccion con aminas.

1. INTRODUCCION

La solubilizacidn del uranio a partir de minerales dispuestos en lecho
estatico se observd en las pérdidas de uranio ocurridas en Portugal y en el
aprovechamiento de este fenémeno para el beneficio de minerales de baja
ley [1]; los investigadores ingleses también estudiaron {2, 3] la solubili-
zacidén del uranio por riego con agua combinado con la adicién de pirita,
azufre y la accidén de las bacterias.

En Francia se trabajé mucho en este campo siguiendo, en principio
[4], técnicas de lixiviacién a largo plazo con soluciones diluidas, En
esta misma linea se pasd a realizar ensayos en escala piloto, mostrando
las grandes posibilidades de tales métodos [5].

En Argentina [6] se aplicd la lixiviacién por percolacién a minerales
de uranio y cobre. Suecia también emnpled esta técnica con gran inten-
sidad [7, 8].

Portugal presentd en la Tercera Conferencia Internacional sobre la
Utilizacién de la Energia Atémica con Fines Pacificos, en Ginebra [9],
un interesante ejemplo de lixiviacién con soluciones acidas concentradas
y recuperacidn del uranio en una instalacién compacta de cambio de ion.
En Estados Unidos se aplica no sdlo la lixiviacién por capilaridad o por
inmersidén [10] sobre pilas de mineral, sino también en el interior de las
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minas. También del Canada aparecen recientemente referencias en la
bibliografia. Por Gltimo, cabe recordar el gran incremento en la lixi-
viacidn bacteriana de minerales de cobre.

En Espafa se observd, en los afios 1958 - 59, que algunos de los
minerales perdian ficilmente el uranio con agua [11]. En el afio 1960 se
empezaron una serie de investigaciones sobre diferentes minerales con
el fin de:

a) Evitar la pérdida del uranio existente en los minerales depositados
a la intemperie por la accién de los agentes atmosféricos.

b) Beneficiar por lixiviacidén natural [12, 13], primero, y finalmente
por ataque acido, alcalino o lixiviacién bacteriana a boca mina, aquellos
minerales de uranio que por su baja ley, situacién geografica u otras cau-
sas no resulten rentables en plantas convencionales.

¢) Seleccionar los métodos mas adecuados de tratamiento de liquidos
para recuperar el uranio en ellos contenidos.

El trabajo experimental realizado ha sido importante tanto en lo que
se refiere a la fase de lixiviacidén, como a la de tratamiento de los liquidos
resultantes de la misma,

Para la lixiviacidn se utilizaron diversas técnicas que, sobre una
base del peso de mineral, se pueden clasificar en:

a) Ensayos con 1,5 kg de mineral triturado a -5 mm, promediando
los errores de desmuestre. Se utiliza una columna de 70 mm de didmetro
con una altura de lecho de 250 mm.,

b) Experiencias con 10-15 kg de mineral triturado a 5 mm. Serealizan
en tubos con un didmetro de 10 cm y una altura de lecho aproximada de
125 cm.

c) Ensayos de laboratorio con muestras de 100-500 kg, en lechos de
mineral de 20 y 40 cm de didmetro y alturas de 1,90 m en el primer caso
y de 0,90 m y 2,70 m, en el segundo.

d) Ensayos a escala piloto, en una instalacién de doce cubiculos, de
seccidn rectangular de 1,50 X 1,25 m y una altura total de 2,5 m, lo que
da una capacidad de 6-7 t/cubiculo.

e) Ensayos semiindustriales en eras con solera impermeabilizada
con capacidades de 500 a 3000 t de mineral.

De los factores que gobiernan la lixiviacidn estitica de minerales de
uranio, los que se han considerado con més detalle han sido:

El tipo de mineral y ganga con distintas especies mineraldgicas de
uranio, roca encajante (pizarras, granitos, areniscas, etc.) y minerales
accesorios (pirita, carbonatos, fosfatos, etc).

El tamafio de trituracién entre 5y 30 mm.

Los reactivos: con pirita y sulfato ferroso, en lixiviacidén natural;
4cido sulfirico, clorato sddico y sulfato férrico, en lixiviacidn acida, y
por Gltimo carbonato-bicarbonato sédico y permanganato potésico en
lixiviacién alcalina. Ademés del tipo de reactivo se ha considerado las
dosis y la concentracidén en los que se afiaden disueltos.

La forma de riego continua y discontinua y dentro de esta Gltima mo-
dalidad, en la que alternan periodos de riego y maduracidn, el liquido se
ha distribuido bien uniformemente o bien de forma intermitente.

El tiempo de tratamiento es méas o menos prolongado, dependiendo del
tipo de reactivo utilizado; asi, por ejemplo, con soluciones de acido
sulfirico ha oscilado entre 10 y 30 dias mientras que con el empleo de



TABLA I. COMPOSICION MINERALOGICA Y QUIMICA DE ALGUNAS MUESTRAS

Los Ratones 1) Pefiascal 1) Yacimiento A 2) Yacimiento B 2) Eureka 3)
Pechblenda Coffinita Pechblenda
Especies Pechblenda Autunita Coffinita Pechblenda Tucholitas
mineraldgicas Autunita Oxidos negros Coracita Uranotilo Gummitas
de uranio Gumimnitas Autunita Carnotita
Uranotilo Fosfuranilita
Pirita Pirita Calcita Pirita Calcita
Marcasita Sulfuros de hierro Siderita
Especies Limonita Pirita
de la Calcosina
ganga Malaquita
Azurita
Composicién quimica (%)
Uao8 0,18 0, 23 0, 062 0, 043 0,172
S. Oxidado 0,58 0,12 0,21 0,15 0,08
S. Total 0,95 1,19 1, 64 0,42 0, 70
Fe total 1,43 1,42 4,45 3,90 1,40
ons 0,31 0,14 0, 04 0,08 0, 03
C03 0,07 0, 60 0, 20 0,06 4,85
Ca 0,81 0, 76 - - 0, 60
Mg 0, 25 0, 57 - - 0,48
Cu - - - - 0,73

Roca encajante; 1) Granitos;

2) Pizarras; 3) Areniscas.
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reactivos sblidos los tiempos estuvieron comprendidos entre 6 meses y
2 afios.

Se puede decir que se cuenta con una gran informacidn sobre el com-
portamiento de los minerales espafioles frente a la lixiviacién estatica, y
se esta en condiciones de pasar a una etapa de explotacion industrial, A
continuacién se resume esta experiencia segin los minerales, las modali-
dades del proceso de lixiviacién y la técnica de recuperacidén del uranio de
las soluciones fértiles.

2. MINERALES ESTUDIADOS

Se han realizado estudios de lixiviacién estitica con una gran variedad
de muestras que, atendiendo a la roca encajante, pueden clasificarse en
graniticas, pizarras, areniscas y lignitos. La tablal da la composicién
quimica y mineraldgica de algunas de las muestras estudiadas, Las
muestras procedian de los distintos yacimientos espafioles, en explotacidn
o en perfodo de investigacién. Las leyes en uranio de las muestras
abarcan un intervalo muy amplio, estando comprendidas la mayor parte
de ellas entre 250 y 2000 ppm de U3Osg.

Esta variedad se manifiesta también en lo que se refiere a las espe-
cies mineraldgicas de uranio, ganga y roca encajante. Unas muestras
contenfan minerales primarios de uranio (coffinita, pechblenda) mientras
que en otras predominaban los minerales secundarios (autunita, torbernita,
uranotilo, saleita, etc). Entre los componentes de la ganga, con influen-
cia en el proceso de la lixiviacidn, cabe citar los sulfuros, carbonatos,
fosfatos, limonitas, etc. Finalmente, por lo que respecta a la roca en-
cajante, ya se han indicado antes los distintos tipos.

3. EXPERIENCIAS EN LIXIVIACION NATURAL

Las muestras estudiadas han mostrado una gran variabilidad en su
comportamiento frente a la lixiviacién natural, tanto en lo que se refiere
al uranio solubilizado como a la velocidad de lixiviacién.

La tabla II resume los resultados obtenidos en la lixiviacidn de una
serie de muestras de distintos tipos y refleja el porcentaje maximo de
uranio solubilizado por riego con agua. Desde el punto de vista de la
recuperacidén del uranio por este sistema pocas muestras dan resultados
satisfactorios, pero atendiendo a la posibilidad de pérdidas durante el
almacenamiento se observa que la mayoria de ellas dan lugar a solubili-
zaciones de importancia.

Entre los resultados obtenidos interesa resaltar:

a) La extrapolacién de los resultados a tiempos més largos. Los
ensayos de este tipo son, en general, de larga duracién. EI examen de
las curvas porcentaje de uranio solubilizado versus tiempo indica que son
de tipo hiperbdlico,respondiendo a una ecuacién general del tipo y =x/(A + Bx),
v haciendo z = (x/y) resulta la ecuacién de una recta, z = A + Bx, que
puede ajustarse facilmente.

La comprobacién con minerales de distinta procedencia mostrd la
posibilidad de predecir con buena aproximacidn, partiendo de los resul-
tados obtenidos en los seis primeros meses, las solubilizaciones que
pueden obtenerse en per{odos superiores a un afio.
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TABLA II. RESULTADOS FINALES DE LIXIVIACION NATURAL

Mineral Ley alimentacidén Intervalo Tiempo So@fﬂi-
U,0,(%) de pH semanas  2acion de
Usoa(%)

1. Técnica A)
Al, Pozo 16 0,219 2,9-2,0 23 51,0
Al, Pozo 15 0,201 3,5-1,8 .23 81,2
Al, Pozo 22 0, 080 17,8-6,5 14
Al, Pozo 19 0, 202 4,7 - 2,1 23
Al, Pozo 20 0,188 3,0-1,5 23
Al, Pozo 10 0, 061 2,9-1,8 23
Al, Pozo 12 0, 043 2,9-1,1 23
A2, Zona D, pozo 6 0, 294 17,7 -6,3 14
A5, Esperanza 0, 097 4,1 -2,7 23
A3, Zona 17, pozo 2 0,233 3,4-1,7 23

Zona 0,173 5,9-3,6 11
A2, Zona D, pozo 7 0, 058 7,3 -5,8% 23
Bl, Zona 7, pozo 4 0,161 4,5 -3,6 23
B3, Zona Caridad, pozo 2 0,073 3,3-1,9 23
Bl, Zomna 1, pozo1l 0,146 3,7-1,8 23
B3, Zona 19, pozo 1 0, 043 5,9-3,6 23
Bl, Zona 7, pozo 3 0, 089 4,2 - 2,2 23
B3, Zona 19, pozo 3 0, 328 6,1-4,6 23
B4, Zona 8y 9, pozol - 6,2 - 4,3 23
2. Técnica B)
Casa del Gallo 0,368 6,5 -95,9 13 4,4
Villares de Yeltes 0,729 6,7-5,6 82 0,5
Ratones 204 1,1 2,7-1,17 15 68, 3
Fe 806 0,436 5,0 -3,5 88 10,5
Fe LN-03 0, 090 4,5 - 4,0 28 12,8
Esperanza 805 0, 270 3,5-2,3 417 84,6
Caridad 0,042 2,5-2,0 42 98,8
Caridad ELN - 2 0, 047 2,5-1,8 50 65,17
Caridad EIN - 2 0, 047 2,2-1,5 50 61,32
3. Técnica C)
Valderrascoén 701 0,179 2,5-1,9 68 15, 5b
Valderrascon 701 0,179 2,5-1,9 68 69, 5P
Caridad ELN - 2 0, 047 2,6 -2,0 60 30,9

Técnica: A) 1,5 kg: B) 15 kg; C) 150 kg de muestra.
2 Riego pobre; b con distinta granulometria (-5 y -12 mm).

La figura 1 muestra, para cuatro minerales, los puntos experimen-
tales y las curvas de regresidn obtenidas con los resultados de las 25-30
primeras semanas y también con todos los datos experimentales. En la
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grafica se han representado los valores de y en funcidén de x; las ecua-
ciones de las rectas de regresidn de (x/y) en funcidn de x son las
siguientes:

Recta con todos los

Mineral Recta con 25-30 semanas
resultados
Valderrascon (xA) = (1,31 x +3,16) 10 ° (xA) = (1,27 x + 3,65) + 10”2
Caridad (x/y) = (3,19 x + 7,60) * 10 2 (xAy) = (3,09 x + 9,20) *10 °
Carretona (x/y) = (1,70 x + 23,1) * 10"~ (x/y) = (2,10 x + 18,1) * 10" °
-2 -
Ratones (A7) = (1,09 x + 14,2) - 10 (%/) = (1,20 x + 96, 0) 10~
o\o 80 ¢
(2] .
I _ vederrascons oy o0
8 =535
3 Ratones
s
Ze0 |-
40
Caridad
20 |
o
o
-] o
— 1 N | " | " J P § 1 N i
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FIG. 1. Extraccién de uranio en funcidn del tiempo. Puntos experimentales y curvas de regresion con
datos de 30 (a) y 60-70 semanas.

b) Extrapolacidén de resultados de laboratorio a escala de campo. A
pesar de que existen una serie de circunstancias en la lixiviacién natural
en el campo (tales como condiciones climatolégicas, accidén de bacterias,
etc) que son dificiles, sino imposibles, de reproducir en ensayos a escala
de laboratorio, se ha encontrado, no obstante, una correlacidn estrecha
entre los ensayos realizados con 150 kg de mineral y los resultados obte-
nidos en era segln puede verse en la figura 2 para el mineral de Carretona
(granftico).

4, LIXIVIACION CON ADICION DE PIRITA
La aplicabilidad de este tipo de lixiviacién depende fundamentalmente

del mineral. La tabla III da un resumen de los resultados obtenidos con

12
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TABLA III.

RESULTADOS DE LIXIVIACION CON ADICION DE REACTIVOS SOLIDOS

Condiciones Resultados finales
Ley
Mineral alimentacion Intervalo Urani
U,0,(%) Granulomeufa Pirita FeSO, .« THLO de pH Tiempo anio
8 solubilizado
(mm) (kgh) (kgh) (semanas) o
Fe 0, 090 -25 10 5 2,9-2,0 31 62,5
Fe 0, 090 =12 10 10 2,9-19 29 50,6
La Virgen 0,115 ~12 5 5 3,5-3,6 25 0,3
La Virgen 0,115 -12 5 10 3,4-3,1 25 0,2
La Virgen 0,115 =12 10 5 3,6 -3,17 25 0,2
Valdemascafios 0,076 -25 2,5 6,6 3,6 - 3,6 73 6,8
Valdemascafios 0,076 -15 2,5 6,6 4,2-3,6 73 7,8
Valdemascafios 0,076 -15 9 7,5 4,2 -3,3 103 65,5
Valdemascafios 0,113 -25 3,5 9,8 3,5-3,9 109 10, 7
Valdemascafios 0,113 -15 3,5 8,8 3,8-3,9 109 6,2
Valdemascafios 0,113 -15 9,0 8,8 3,8 - 3,4 114 18,0
Carretona 0,121 -17 4,0 7,1 2,5-1,9 72 41, 2.
Carretona 0,121 -11 4,5 3,0 2,9-1,9 12 41,3
Carretona 0,132 -5 4,0 .1 2,9-1,9 72 59,1
Caridad 0, 047 -25 10 7,0 2,5 - 2,2 25 59, 02
Caridad 0, 047 -25 10 7,0 2,2-1,9 25 85, 02
Caridad 0, 047 -5 10 7,0 2,5 2,2 25 44,5

8LT
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TABLA IIL (cont.)

Ley Condiciones Resultados finales
Mineral alimentacién Intervalo Uranio
Usoe(%) Granulometria Pirita FeSO4 . 7H20 de pH Tiempo solubilizado

(mm) (kg/t) (kg/ty (semanas) @
Ratones 0, 063 -6 - 5,0 2,6 - 2,1 6 80, 3
Ratones 0,063 -6 - 10,0 2,6 - 2,2 6 80,4
Ratones 0, 265 -12 - 5,0 2,7-1,2 22 92,3
Ratones 0, 265 -12 - 10,0 2,7-1,2 22 90, 1
Ratones 0, 265 - 30 - 5,0 2,7-1,3 22 84,8
Ratones 0, 265 - 30 - 10,0 2,6 -1,3 22 85,9
Ratones 0,265 - 30 - 10,0 2,8-1,17 30 86b
Pefiascal 0,251 - 12 10 8,0 3,0-1,2 30 97,1

4 Obtenidos con distinta dimensién del lecho.

En escala piloto.

01/861-1d

6LT
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distintos tipos de minerales; puede observarse en ella que hay algunos
con respuesta nula (porejemplo, las muestras de la Virgen debido induda-
blemente a la presencia de carbonatos) y en otros la solubilizacidn alcan-
zada no es suficiente desde el punto de vista practico. Finalmente hay

3
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FIG. 2. Comparacién de los resultados de laboratorio y campo. Mineral de Carretona.

otros que se prestan bien a un tratamiento de este tipo, ofreciendo incluso
ciertas ventajas sobre la lixiviacidn con soluciones 4cidas como, por ejem-
plo, los minerales de Ratones y Pefiascal que, por su alto contenido en
fosfatos solubles, producen soluciones fértiles méas ficiles de manejar
cuando se utilizan reactivos sélidos.

Interesa destacar algunos resultados obtenidos en experiencias enca-
minadas al estudio de la influencia de ciertas variables. Con una muestra
de mineral de pizarras (Caridad) se ensayd la dimensidn del lecho, tamaiio
de particula y distribucién del liquido de riego. Los resultados obtenidos
al cabo de 25 semanas fueron:

Dimension del Tamafio de Forma de Solubilizacién del
lecho particula (mm) riego? uranio (%)
100 X 1250 -25 Intenso 59,0
100 x 1250 -25 Pobre 55,7
100 X 1250 -5 Intenso 44,5
100 X 1250 -5 Pobre 42,7
100 x 900 -25 Pobre 85,0

2 Riego intenso 50(1/4 X d) distribuidos uniformemente;

riego pobre 5(1/t X d) afladidos diariamente de una sola vez.
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Por otra parte, una muestra (lote 210) de mineral granitico con pirita,
procedente de la mina los Ratones se ensayd con dos granulometrias y dos
dosis de sulfato ferroso en un lecho de 400 X 900 mmy conuna distribucién de
riego de 30 (1/t X d) obteniéndose los resultados:

Tamafio de Dosis de sulfato Solubilizacidn
particula (mm) ferroso (kg/t) del uranio (%)
-30 5 84,8
-30 10 85, 9
-12 5 92,3
-12 10 90,1

L.a distribucidn del riego parece que tuvo poca influencia en el mineral
de pizarras. La granulometria tuvo influencia variable y de forma contra-
ria en pizarras y granitos. En las primeras debe atribuirse este fendémeno
a la mejor aireacidn del lecho con granulometria mas gruesa, lo que viene
confirmado a su vez por los rendimientos obtenidos con una geometria del
lecho que favorece la aireacidén (mayor didmetro y menor altura). Por el
contrario, en las muestras de granitos, el rendimiento fue mayor con
granulometrias mas finas, pues en este caso la permeabilidad de lecho se
vio poco afectada en el intervalo considerado y la solubilizacién estuvo
controlada por los tamafios méas gruesos en los qué las pérdidas fueron
mayores.

En la actualidad se estan realizando unos ensayos, en tubos de 40 cm
de didmetro, con un mineral granitico en los que se varia la altura de
lecho (1 y 3 m), la granulometria+(-12 mm y -25 mm), la dosis de pirita
(3y 9 kg/t) y se utilizan dos formas de riego.

Para el trabajo a diferentes escalas, 150kg (tubos) y 6 t (cubiculos), se
tuvo una buena correlacidén., A continuacién se dan los resultados obtenidos
con un mineral granitico triturado a 30 mm y con adicidén de 10 kg/t de
sulfato ferroso:

Solubilizacién de uranio (%)

R‘:lfc’ Escala (150 kg) ‘ Escala (61)
10 30,1 27,6
15 40,3 39,8
20 49,7 . 50, 0
50 76,5 77, 6

80 85,9 86, 4
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En ambos casos, se pudo comprobar que al consumirse la pirita del
mineral hubo un aumento del pH, un fuerte descenso en las concentraciones
de hierro y sulfato y se pard la solubilizacién del uranio.

5. RESULTADOS CON REACTIVOS QUIMICOS

5.1. Resumen de resultados

La tabla IV resume los resultados obtenidos con diferentes muestras
de minerales a escalas y condiciones diferentes. En términos generales
puede decirse que estos resultados son del mismo orden que los conse-
guidos en condiciones equiparables de reactivos en la lixiviacién con
agitacidn,

Se han encontrado algunas dificultades relacionadas fundamentalmente
con el flujo de la solucidn lixiviante a través del lecho. Los minerales
de pizarras presentan, en general, mayores dificultades de este tipo
acentuandose a medida que la granulometria es més fina, Los minerales
graniticos se prestan muy bien a este tipo de lixiviacién., Las principales
dificultades observadas se presentaron en minerales que contenian carbo-
natos (> 4% COg) o fosfatos facilmente lixiviables. IL.os primeros daban
lugar al desprendimiento de carbénico asi como a la precipitacién de
sulfato calcico en el lecho dificultando la buena distribucién de la solucién
de lixiviacidon y la creacidén de zonas de precipitacién del uranio. Para sol-
ventar estos inconvenientes se ha ensayado, entre otros sistemas, la
aglomeracidén previa, el curado acido y la distribucidn lenta del acido en
los primeros riegos, habiéndose conseguido resultados satisfactorios.

La presencia de fosfatos, facilmente solubles, puede dar lugar a su
precipitacidn en las partes inferiores del lecho llegando incluso a su
bloqueo. Se consiguid reducir este efecto mediante una lixiviacién a pH
.controlado de forma que fuera gradual la disolucidn de los fosfatos.

Los resultados obtenidos en la lixiviacidén con carbonato-bicarbonato
han sido probres debido, probablemente, a que este reactivo exige tempe-
raturas més altas y granulometrias mas finas,

5.2, Influencia de algunos factores

Aparte de los factores propios del mineral (especies de uranio, ganga,
roca encajante) sobre los que no se puede actuar, es interesante destacar
la influencia de algunos factores externos que se ha observado en los estu-
dios experimentales.

No se puede medir independientemente el efecto de las variables, ya
que estén ligadas todas entre si; no obstante, puede conseguirse informa-
cién sobre el grado de influencia de las méas interesantes.

A continuacién se resumen los resultados obtenidos a distintas gra-
nulometrias con muestras de minerales graniticos (Carretona), de arenis-
cas y pizarras.
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- Uranio
i Granulometria
Mineral Roca solubilizado (%)
Carretona granito -5 mm 93,4
Carretona -12 mm 95,3
Eureka 3 -5 mm 98, 3
arenisca
Eureka ~12 mm 91,8
Salamanca . -12 mm 83, 2
pizarra
Salamanca ~-25 mm 85,3

Puede verse que la granulometria del producto influye de forma dis-
tinta segiin sean las caracteristicas del mineral. Se ha observado que en
aquellos minerales en los que la distribucién del uranio estad desplazada
hacia los tamafios finos, las granulometrias mas gruesas dan solubiliza-
ciones iguales o superiores, mientras que en aquellos otros que tienen
una fraccidn importante del uranio en los tamafios gruesos, una reduccidn
del tamario de particula se traduce en un mayor rendimiento de la lixivia-
cidén. Este fenémeno puede utilizarse para obtener una informacién previa
sobre la influencia de la granulometria.

En lo que se refiere a la dosis y concentracién de 4cido se ha obser-
vado que si se mantiene la misma dosis el empleo de soluciones diluidas
conduce inicialmente a extracciones de uranio mayores que en el caso de
la utilizacidén de liquidos mas concentrados; por otra parte, estos {iltimos
dan lugar a la solubilizacidén de impurezas en mayor cantidad. Las
figuras 3, 4 y 5 muestran estos puntos para minerales distintos; por lo que
se refiere a la extraccidn final del uranio no se puede observar una in-
fluencia clara de la concentracién de la solucién lixiviante, si bien parece
que tiende a aumentar ligeramente con la concentracidén, Asi, en el tra-
tamiento de areniscas se obtuvieron, en porcentaje, las extracciones de
uranio siguientes:

Concentracidn del 4cido (g/1)2

Muestra
50 75
1002 80,17 87,1
1003 7,5 14,6
1005 - 68, 2 4,9
1006 67,4 78,5
1007 64, 2 4,9
1008 68,1 13,17
1009 10,5 11,9
1010 82,3 85, 7

2 Dosis de 4cido, 150 kg/t.
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TABLA IV, RESUMEN DE RESULTADOS DE LIXIVIACION
ESTATICA CON SOLUCIONES CONVENCIONALES DE ATAQUE

Ley Granulo- teaee Tiempo S::z:)éi:—
Mineral Lote L(I';,/OO)8 r(n;:;i)a - Dosis (@ U,0,
PO (kgh )

Areniscas
Eureka 1001 0,396 -5 HZSQ 200 10 98, 3
Eureka 1001 0,396 -5 H,S0, 110 9 95,02
Eureka 1001 0,396 -12 H,50, 95 8 91, 72
Eureka 1001 0,396 -5 Na,CO, 50 54 37,0
Eureka 1001 0,396 -5 Na,CO, 90 49 36,6
Eureka 1002 0,158 -5 HZSO4 150 10 80, 7b
Eureka 1003 0,088 -5 H,SO, 150 10 12, gb
Eureka 1009 0,146 -5 H,S0, 150 10 74, 2b
Eureka 1010 0,104 -5 H,SO, 150 10 84, 0P
Granitos
Ratones 208 0,180 -5 H,S0, 50 10 97,8
Ratones 208 0,180 -5 HZSO4 20 10 94,9
Ratones 208 0,180 -12 HZSO4 25 7 96, 22
La Virgen 405 0, 056 =5 H,S0, 15 10 70,8
La Virgen 408 0, 056 -5 HZSQ 150 10 89,6
Carretona ELN -1 0, 089 -5 H,S0, 38 10 86,0
Carretona EIN -1 0, 089 -5 H,80, 62 10 88,8
Carretona EIN -1 0, 089 -5 H,SO, 36 9 87,52
Carretona 202 0,135 -12 HZSO4 43 20 95,38
Valdemascafios 809 0,331 -5 H,50, 75 10 92,6
V. Peralonso 810 0,349 -5 H SO, 5 10 . 92,5
Gallo 205 0, 390 -5 H,S0, 48 12 98,1
ValderrascOn 701 0, 206 -5 H,80, 50 10 97,3
Escalona 0,255 -5 H S0, 30 10 98,5
Ratones 210 0, 260 -5 H,S0; 75 10 98,8
Ratones 210 0, 260 -12 H,SO, 60 26 97,0
Ratones 210 0, 260 -12 HZSO4 30 16 56, 8
Pefiascal 209 0,232 -5 H S0, 75 10 97,1

Pefiascal 209 0,232 -12 H,S0, 46 . 21 938,17



PL-198/10 185

TABLA IV. (cont.)

Reactivo Solubili-
Mineral Lote Ul;ecz; Grfgtl:;: Dosis Tieémpo zacién
(%) (mm) Tipo  (kgh) (d) (Uo;3s
Pizarras
Esperanza 805 0, 202 -5 H,80, 5 10 95,6
Caridad 811 0,306 -5 H,SO, 50 10 97,3
Fe 806 0,430 -5 H,SO, 50 10 85,1
Fe 806 0,430 -5 H,SO, 75 10 86,9
Fe 806 0,430 -5 H,S0, 100 10 88,1
34(?:;‘;1";232:;3:;3(;‘;5 0,052 -5 HSO, 60 10 82,3
22(2:;2322“;?;;2;1“ 0,396 -5 HSO, 60 10 79,4
Lote M 0,113 -25 H,S0, 69 30 85,17
Lote M 0,113 -25 H,S0, 35 30 84,82
Lote M 0,113 -12 H,50, 33 30 83, 22

2 Ensayos efectuados en contracorriente.

b 1as diferencias en las respuestas podrian atribuirse al distinto contenido en carbonatos de las
diferentes muestras.

eor LIXIVIACION POR CAPILARIDAD DEL
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Juntamente con la dosis de acido se ha comprobado que el tiempo de
retencidn (incluyendo los perfodos de riego y maduracién intermedia)
ejerce gran influencia. Los datos de la figura 6 muestran una relacibén
lineal entre la ley del residuo y el inverso del tiempo para distintas dosis
de acido. Este hecho puede utilizarse para extrapolar los resultados ob-
tenidos a tiempos méas largos. En algunos minerales resistentes el hecho
de doblar el tiempo de tratamiento de 10 a 20 d ha supuesto aumentos de 4
a 10 unidades en el porcentaje de extraccidn.

LIXIVIACION POR CAPILARIDAD DEL
MINERAL CASA DEL GALLO
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2..40 " o3 "
“ "
20k 3.-60 0,45
iol
| L 1

70 0 FIG.4, Solubilizacidén de uranio.
Dosis de dc. sulfirico kg/t,

Se han realizado ensayos para comparar la lixiviacién por capilaridad
y por inmersidén (lecho inundado), utilizando minerales de areniscas, con
caliza, y graniticos. Las condiciones se mantuvieron iguales excepto la
relacidn liquido/sdlido que fué en la técnica de inmersidn la mitad de la
empleada en la de capilaridad. Los resultados muestran una mayor velo-
cidad inicial de solubilizacién en la técnica por inmersidén, pero la solubili-
zacidn final fué ligeramente inferior, seglin puede verse en los siguientes
valores:

Areniscas Granitos

Tiempo
Inmersion Capilaridad Inmersién Capilaridad

2d 88,3 28,1 79,8 36,8
final 94,1 98,3 83,2 86,0
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5.3. Circuitos

En los estudios realizados se han utilizado fundamentalmente, dos tipos
de circuitos, uno simple en el que todos los riegos se hacfan con solucidn
«fresca», y otro en el que los liquidos circulaban en contracorriente con
el mineral.

LIXIVIACION POR CAPILARIDAD DEL
MINERAL DE FE
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FIG. 5. Solubilizacién de uranio.

El circuito simple se ha ensayado con todos los minerales estudiados
mientras que el de contracorriente se considerd solamente en aquellos
minerales que por su naturaleza se prestaban mas a este tipo de circuitos,
fundamentalmente por exigir una acidez residual y consumo de acido ele-
vado. Las ventajas que presenta un circuito de este tipo se traducen en un
menor consumo de &cido, menor volumen de solucidén fértil, mas rica en
uranio y de composicién mas homogénea. Por otra parte, las desventajas
de este circuito frente al simple son relativamente pequeiias,

En la tabla IV puede observarse que con la contracorriente se consiguen
reducciones importantes en el consumo de 4cido con rendimientos similares
(Eureka, Carretona, Lote M), En el mineral de Ratones no hay apenas
diferencias en el consumo debido a que necesita una acidez residual baja.
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Por lo que se refiere a las soluciones fértiles, los resultados obtenidos

fueron:

Volumen recogido

Intervalo de concentracién

Acidez mixima

Circuito
(m¥t) (g U0y (pH) (g H,804/1)

Mineral de pizarras
Simple 2,13 0,05-0,76 0,7-2,3 28
Contracorriente 0,72 0, 80-1,60 0,9-2,3 12

(4 etapas)
Areniscas
Simple 3,50 0,05-3,10 0,4-3,0 62
Contracorriente 1,0 3,60-4,30 1,1-1,4 10

(4 etapas)

Cs

Pérdida de U3zOg en residuos, g/t

000

100

1 1 1
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FIG. 6. Pérdida de uranio en los residuos del mineral Eureka en funcion de la inversa del tiempo de
retencion expresado en dias.

5.4. Comparacidn frente a la lixiviacién con agitacidén

En una serie de minerales se ha observado un paralelismo entre los
resultados obtenidos en la lixiviacién estatica y con agitacidn, para dosis
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TABLA V. ALGUNOS RESULTADOS COMPARATIVOS DE LA
LIXIVIACION CON SOLUCIONES CONVENCIONALES: EN LECHO
ESTATICO Y CON AGITACION

Tipo de lixiviacién
Mineral Estatica Con agitacién

Dosis Solubilizacion Dosis Solubilizacion

H,SO, U,04 (%) H,S0, U,0, ()
Fe 50 85,5 50 86,4 - 92,0
Fe 75 86,9 75 83,3 - 92,0
Eureka 200 96, 6 200 96, 9
Virgen 150 89, 6 125 80,5
Esperanza 75 95, 6 50 95,5
Villares de Yeltes 75 94,0 100 95,0
Carretona 432 95,3 50 94,9
Valdemascafios 75 92, 6 75 94,8
Alameda 15 90,1 100 94,1

Resultados medios

de 15 sondeos 60 " 83,5 60 85,5
de Fe

Resultados medios de
11 muestras 60 80,4 60 86, 6
superficiales

de pizarras

Condiciones de lixiviacién estitica -5 mm, 15-20°C y 10d

Condiciones de lixiviacién con agitacién -35 mallas, 30 -60°C y 12-24d

2 En contracorriente.

de 4cido similares, seglin puede observarse en los datos resumidos en la
tabla V.

Si bien existen factores como, por ejemplo, la temperatura, que pueden
dar lugar a variaciones importantes en la solubilizacidn del uranio, los
resultados de ataque con agitacidn pueden servir para determinar de forma
aproximada los que pueden esperarse en la lixiviacién estatica.

6. RECUPERACION DEL URANIO DE LOS LIQUIDOS

La recuperacion del uranio solubilizado se ha considerado fundamen-
talmente por tres procedimientos: precipitacidén quimica directa, resinas
de cambio de ion y extraccidén con aminas, Ademis, se realizan ensayos
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de fijacion en turbas y productos diversos. Atendiendo a la naturaleza de
los liquidos habria que distinguir segliin su origen: de condiciones suaves
de ataque (lixiviacidn natural, o con reactivos sdlidos) que tienen pH rela-
tivamente altos, o ataque con soluciones acidas que dan pH finales bajos.
Ademés, hay que tener en cuenta la naturaleza de los circuitos de ataque
en una etapa, frente a los diagramas con recirculacién de liquidos o
contracorriente.

La precipitacién quimica directa se ha utilizado con liquidos proce-
dentes de lixiviacién natural o de ataque con reactivos sdlidos. En el la-
boratorio se han ensayado el empleo de sosa cAustica, magnesia y cal,
trabajando en una etapa, y la combinacién de cal-sosa y de cal-cal para
dos etapas. Partiendo de liquidos con 1,8 g U3Os /1y pH 2,2 se obtuvieron
concentrados con leyes de 10,2; 7,2; 3,7; 22,3 y 4,7% U3Og, respectiva-
mente, con costes de reactivos de 71,5; 8,6; 21,4 y 8,1 Pts/kg U304 para
el empleo de sosa, cal, cal-sosa y cal-cal, respectivamente [13],

En las instalaciones semiindustriales de campo se utilizd cal, pero
aparte de tener leyes bajas (2-3% U;Og), resultaban productos con gran
proporcidn (12%) de cal libre. Estos concentrados habia que volverlos a
tratar y presentaban los inconvenientes de consumos altos de reactivos
(600-700 kg/t de 4cido) y malas caracteristicas fisicas de manipulacidn.

La precipitacidén directa de las soluciones procedentes del ataque
acido didé productos todavia peores a causa del gran nimero de impurezas
que junto al uranio se solubilizan,

Como alternativa se ensayd el empleo de resinas de cambio de ion, en
columnas, seguida de la elucién y precipitacién directa de los eluidos. Se
ha investigado la influencia del pH desde los valores altos [2, 3] de lixivia-
cidén natural, a los normales de cambio de ion 1,6 - 1,8 e incluso otros muy
bajos 1,1; junto a ello la composicién, variable, de la solucibn fértil a lo
largo del ciclo de tratamiento y el tipo de agente eluyente, cloruros y
nitratos a concentraciones variables.

Las recuperaciones fueron superiores al 99,5% con capacidades de
resina de 50 a 85 g U303/1 lecho, con 4 a 5 volimenes de lecho a precipi-
tacién. La operacién a los valores extremos de pH hubo que descartarla
por la mala calidad de los concentrados o por los costes altos de reactivos.
Con los liquidos relativamente puros de lixiviacidén natural se tuvieron
buenos concentrados: UzOg(80%), SO4(1), P»Os5(0,2) y Fe (7,5). Esto se
mantuvo para los liquidos de ataque acido en sus primeras etapas de ataque,
con concentracibén alta en uranio, aunque luego disminuia la calidad a menos
que se recurriese a la precipitacidn en dos etapas.

Se tuvieron costes de reactivos de 19 a 21 Pts/kg U3Og para soluciones
de lixiviacibén natural [13, 14] y de 40 a 80 Pts/kg U3sOg para los liquidos
procedentes del ataque sulfirico. La mayor contribucidn al coste de estos
ultimos fue debida a la etapa de ajuste de pH en soluciones con gran acidez
libre procedente del ataque en una fase sin contracorriente,

Por ltimo se considerd [13, 15] la extraccién con aminas para liquidos
con 2 a 0,2 g U30g/1, cuyo pH se ajustd a valores comprendidos entre 1,2 y
1,8. Se lograron recuperaciones superiores al 99,5%, con extractos acuosos
de 16-18 g U3Og/l, en el peor de los casos, y de 36 a 40 g/1 para las ali-
mentaciones altas en uranio. Desde un punto de vista econdmico el mejor
agente de reextraccidén fue el cloruro sddico 1 M.

Se tuvieron en general concentrados buenos: UszOg(78-89%), SO4(0,3-12),
C1(0,05-0,1), Fe(0,1-1,3) y P,0O5(<0,1). Unicamente con soluciones de con-
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centracidén muy baja en uranio y alta en impurezas la calidad de los con-
centrados disminuyd a leyes del orden del 70% U30g. Los costes de reacti-
vos, comprendida fase organica, para alimentaciones con mas de 0,5g U303
fueron de unas 20 Pts/kg U3Ogy, mientras que para los liquidos diluidos,

0,2 g U30g /1, se duplicaron.

Al igual que en cambio de ion hay que cuidar el circuito de solubiliza-
cidn del uranio con el fin de mantener la calidad més uniforme posible y
tener liquidos con valores de pH de salida dentro del intervalo de trabajo de
extraccidn; en el tratamiento de liquidos de ataque en una etapa con gran
acidez final una gran proporcidén del coste de reactivo era debida a la fase
de ajuste de pH.

Comparando las tres técnicas indicadas, se ve que tanto el cambio de
ion como la extraccidn conducen a buenos concentrados con costes de reacti-
vos razonables, posiblemente favorables a la extraccidn tanto desde el
punto de vista de calidad como de coste de reactivos. Por otra parte tanto
una como otra se pueden llevar a cabo en unidades practicas que permitan
su realizacién en una amplitud de sitios. No obstante, en la decisidén se
tienen que considerar otros factores como el aspecto de composicidn en los
liquidos a tratar y la movilidad de la instalacién,

Para circuitos en contracorriente o con reciclado de colas, que se
vayan a explotar durante mas de dos afios es posible que la extraccidn con
disolventes sea la‘solucidon més adecuada. Por el contrario para circuitos de
de ataque en una sola etapa con ciclo corto y gran variacidén en la concentra-
cibén del principio al final de la operacidén parece aconsejable el cambio de ion.

En Espafia hay un proyecto de instalacién de cambio de ion para tratar
1,6 m3/h de liquido fértil, que tiene cuatro columnas de 270 litros de resina
¥y que estd destinada a servir varias instalaciones de lixiviacién préximas.
Para ello el equipo se ha dispuesto de forma que el conjunto de columnas,
bombas y depdsitos de eluyentes esté montado sobre un camidn, mientras
que los depdsitos de recepcidn de liquidos y de precipitacidn estan situados
al pie de cada mina. Una instalacidén de este tipo para servicio de dos eras
de lixiviacidén costaria un milldn de pesetas.

Por otra parte, se disefid y construyd [16] una instalacidn de extrac-
cidén con aminas para 2 m3/h, a base de mezcladores sedimentadores com-
pactos, con elementos de construccidn y estructuras normalizados, atorni-
llados y desmontables que ha funcionado normalmente y trata incluso liqui-
dos de 0,2 g UsOg /1. El coste de esta unidad resultdé ligeramente inferior al
millén de pesetas.
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RANSTAD - A NEW URANIUM-PROCESSING PLANT

A. PETERSON
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STOCKHOLM, SWEDEN

Abstract

RANSTAD — A NEW URANIUM PROCESSING PLANT. A short outline is given of the decisions
concerning the erection and operation of the Ranstad mill which was recently taken into operation. Itis
followed by a brief description of the geological conditions and the planning of the mining system, plant
location, and the factory. The main part of the paper describes processes and equipment of the plant which
has a capacity to treat approx. 850 000 tons of low-grade ore (alum shale) per year. The operational
experience so far is also reviewed. The economy of uranium production at Ranstad is discussed and some
-development possibilities are indicated.

1. INTRODUCTION

The decision to erect a uranium mill at Billingen Mountain in central
Sweden was made in 1958. The mill, named Ranstad, would produce
120 tons of uranium per year and start operation in 1963. The capacity
was considered sufficient to cover the Swedish demand up to 1970, In
1959 the project work on the plant was discontinued for about one year
while a study was made of the possibilities and conditions for import of
uranium. After a governmental decision the erection was then continued.
In 1962 the completion of the plant was intentionally delayed for one more
year,

The Ranstad mill went into operation in the middle of 1965, Depending
on present world uranium supply and price situation the production during
the first year of operation has been limited to between 25 and 40% of the
nominal capacity of the plant.

2. GEOLOGICAL CONDITIONS

The general geological conditions are given in Figs 1 and 2. As seen
the rock series of the Billingen Mountain mainly consists of sandstone,
alum shale, limestone, and claystone. The various layers are virtually
horizontal as seen in Fig. 3.

The uranium is confined to a relatively thin bed of the alum shales
in the Cambrian series. The alum shales contain several layers of bitu-
minous limestone lenses (stinkstone). The uranium-rich shale lies between
two of these stinkstone layers and has a thickness of about 4.5 m, The
uranium content varies with the depth. For a bed of 3.5 m the mean value
is 300 g/t or somewhat more. In the shale there are 'kolm'-lenses, a
kind of coal, rich in ashy material, having a uranium content as high as
3000-4000 g/t. The total content of uranium in the uranium-rich shale of
Billingen Mountain area is considerable - about i million tons of uranium.

Normally the zone of high-uranium shale is located deep below the
surface, where it can be removed only by underground mining, but in the
vicinity of the Ranstad plant there is a relatively large area of shale with
shallow overburden, suitable for open-cast mining.
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3, CHOICE OF MINING SYSTEM AND PLANT LOCATION

The location of the plant was influenced by several factors. The main
reason for the chosen location, however, was the possibility of open-cast
mining which was considered somewhat cheaper to start with than under-
ground mining. The exact localization of the plant was mainly determined
by the transportation cost of ore and solid waste.
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FIG.1. Map of Mt. Kinnekulle and the Billingen-Falbygen district.

4, PLANNING OF THE FACTORY

In planning consideration was given to the economy, organization, and
landscape conservation, and in addition to comfort and aesthetics. Also the
demands on possibilities for increasing the production fourfold within a
given plan were taken into account.

The dominating economic factor was the cost of transportation of that
material which is transported to and through the various parts of the plant
and from these to the waste disposal area.

The factory is organized in several processing units, These are:

(a) the mine, primary crusher and silos, (b) dressing plant, (c) weathering
pile and leaching plant, and (d) neutralization plant and waste area. In

13%
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addition to these units there are buildings for supply of water, steam and
power, workshop and stores, garage, office and laboratory etc. Theplant
layout is given in Fig.4. As can be seen, an attempt had been made to
split up the factory into blocks with straight roads. Within each block the
activities are as related as possible. The demands for landscape con-
servation have had great influence on the planning of the open-cast mining
and waste disposal areas.

FIG.4. The Ranstad plant layout. 1. Conveyor, 2. bunkers and screens, 3. dressing plant, 4. weathering
pile, 5. leaching plant, 6. neutralization plant, 7. transformer station, 8. steam boiler and
water supply, 9. oil storage, 10. main entrance and parking place, 11. dining rooms, dressing
rooms, etc., 12. office and laboratory, 13. workshop and storage, 14. garage, 15. storage area for
materials, 16. waste area, 17. water reservoir, 18. retain basin, 19. sanitary effluent treatment
plant, 20. tunnel to underground crushing station.

5. PROCESSES AND EQUIPMENT

The following description [1, 2] of processes and equipment is given
with reference to the full capacity of the plant. However, the capacity of
the plant during its first year of operation has deliberately been limited to
between 25 and 40% of its nominal value,

5.1. Mining

The high-uranium shale at the selected open-cast mining area is
covered by a low-uranium shale of 2.5 m and an average of 3 m of lime-
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stone above which there is an average of 7.5 m of alluvium. The high-
uranium shale is about 3.5 m thick, Thus, the ratio by volume between
overburden and ore is 4:1. The open pit mine will have a life of 15 years
if 800000 metric tons of high-uranium shale are removed annually.
Figure 5 gives a section through the mining area.

10-501t
(average 2411)
SN
0-26ft
faverage Joﬁl LIMESTONE
1t

ait WASTE SHALE
St ——

FIG. 5. Geological section in the first opencast mine area; overburden ratio approximately 3.5 : 1.

High-uranium shale is mined by ordinary benching methods including
drilling, blasting and loading into 35 ton trucks with a 4 m3 shovel, The
trucks transport the shale to the underground crushing plant through a
two-way tunnel 1.4 km long.

An electric walking dragline with a 59-m boom and a 12-m® bucket
strips the overburden in advance of the benching. The limestone and shale
overburden must be drilled and blasted before being removed by the drag-
line. Fully mechanized one-man operated electro-hydraulic rotary drills
are used.

Access road

6200yd/year b 7
55-10yd/fyear 3 shifts
55-110yd/y: e
Excavator, 2 shifts

Limestone exposed
Uranium shale exposed

|

FIG. 6. Plan showing mining method.

Figure 6 shows the layout of the mining operations. The dragline
strips overburden in a 20 m wide cut at one side of the central road while
high-uranium shale is mined from a previously stripped cut at the other
side. When mining and stripping operations reach the border of the site,
the machines return to the central road and then start to work in the
opposite direction, For each cut, 20 m wide and 1000 m long, the depth
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and thickness of the high-uranium shale is determined in advance through
a sample-drilling programme. In Fig.7 the results of such a drilling
programme is given.
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FIG. 7. Average content of uranium and lime in the shale (95% confidence limits based on a set of
20 drill cores).

5.2, Crushing and classifying

The ore leaving the truck hopper passes over a travelling-bar grizzly
to the gyratory crusher for primary crushing (see flow sheet given inFig.8).
The ore is reduced to 350 mm maximum size. The bottom of the primary
crusher plant is 63 m below ground. Material is taken from the crusher
bottom via a conveyor belt to the top of the storage silos where it is
screened. Particles below 6 mm in size are removed as waste while
particles plus 6 mm minus 40 mm and plus 40 mm minus 350 mm in size,
are stored for further processing. )

Spontaneous ignition occurs readily in crushed shale if stored in silos
for long periods. Therefore it is necessary to withdraw the material uni-
formly from all parts of the silos, This requirement has been taken care
of in the design of the silo bottoms. The storage capacity of the silos is
8500 tons. The ore is fed into the silos during 11 shifts per week at a rate
of 1800 tons per shift, Withdrawal takes place during the feed shifts,

The ore from the silos is conveyed to the heavy-media separation units
(HMS) where a sink-and-float process removes the limestone disseminated
throughout the shale, The density of the shale particles varies mostly
between 2100 and 2300 kg/m? while the density of the limestone is about
2600 kg/m®. A magnetite slurry with a density of about 2300 kg/m? is used
for separation. The high purity of Swedish magnetite easily permits the
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use of such a high slurry density., The HMS units are equipped with re-
volving drums that lift the sink product (mostly limestone) which is dis-
charged as waste. Magnetite is recovered by passing the float product
across a washing screen, then passing the washings through a magnetic
separator.
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FIG. 8. Flow sheet for the Ranstad Uranium Mill.

Waste Water Retain Benin

The effect of the HMS step is shown in Table I, where éxperimental
results from separation in a heavy liquid (mixture of tetrabromoethane
and kerosene) are given. It should be observed that the 'effective' density
of the magnetite slurry is greater than its measured value because of the
flow conditions in the HMS units,

Untreated shale had the following composition: uranium 0.0292%;
iron 5.73%; sulphur 6.66%; CaO 6.72%.

TABLE I. CALCULATED PERCENTAGE AND YIELD OF SHALE AT
VARIOUS LIQUID MEDIUM DENSITIES
Densi Yield of Uranium Yield of Pyrite Ca0O
ensity .
. shale content uranium content content
(g/em?) k2 %) @ ) %)
2.20 8.3 0. 0506 14.3 11. 21 0. 84
2.30 48. 6 0. 0332 54. 9 12. 26 1.20
2. 33 67.1 0. 0321 4.0 12. 80 1.29
2.35 13.5 0. 0319 ' 79.8 12. 94 1.30
2.38 80. 2 0. 0318 86.8 13.11 1.33
2. 40 82.5 0. 0317 89.1 13.19 1.34
2.43 84.5 0.0317 91.2 13.27 1.37
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The plus 40 mm minus 350 mm float product is crushed in an impact
crusher and joined with the plus 6 mm minus 40 mm float product. Both
are then crushed in an intermediate impact crusher stage. The ore is
screened on 3-mm square-mesh wire screens. The oversize particles
are collected in crusher feed hoppers and fed to the last impact crusher
stage. The undersize material is then joined with the ore from the inter-
mediate impact crusher stage to be fed onto the screens,

FIG. 9, Interior from the dressing plant.

RAW MATERIAL
40 - 350
RAW MATERIAL
-40

SHALE _DUST

STORAGE

LEGEND
1. WASHING SCREEN 2.HMS UNIT. 3. WASHING
SCREEN. 4. WASHNG SCREEN. 5.JMPACT CRUSHER.
6.AND7 IMPACT CRUSHERS, ONE STAND-BY.
8.CRUSHER HOPPER. 9. DISTRIBUTOR. 10. SCREENS.
11.DISTRIBUTING CONVEYOR. 12. TEST SCREEN.

TO INTERMEDIATE

PRODUCT

FIG. 10. HMS flow sheet and plan of classifying plant.

The HMS plant and secondary crushing plant are housed in the same
building. An interior view from the dressing plant is shown in Fig, 9.
Figure 10 is a flow sheet and plan showing the relative position of various
parts of the equipment. The calculated feed to the HMS plant is 400 tons
per hour, Of these, 325 are float product, and 75 are separated as sink
product (tailing).
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The screens, which accept both ore from the intermediate impact
crusher stage and ore circulating back from the final stage are dimensioned
to handle a total of 1000 tons per hour. There are 12 resonance screens,
Test screening is conducted on a bleed line to make certain that the entire
surface of all screens is functioning. When a tear occurs in a regular
screen it will pass oversize to the test screen., Oversize will pass over
the test screen and at a certain amount of accumulated oversize material
an electric warning signal is triggered.

The removal of dust (particles minus 0.1 mm) is essential for the
leaching process. Dust is removed in the crushers and other places by
high volume of air flow (1000 m3 per ton ore). Dust content and the particle’
size of ore leaving the dressing plant is optimized for the leaching process.

5.3. Weathering storage and leaching

Ore from the dressing plant is given an intermediate storage outdoors.
During the storage volatile hydrocarbons (methane, ethane etc.) are given
off, and the uranium is oxidized from the tetravalent to the hexavalent stage.
Due tothese changes ahigher yield is achieved in the leaching step. The
profitable effect of the weathering is favoured by oxygen, water and in-
creased temperature. During the storage the pyrite in the shale also
reacts to a certain degree. Based on laboratory experiments the optimal
storage time was calculated to between two and three weeks. The difference
in yield between unstored shale and shale stored for three weeks was
calculated to be more than 10%.

Ore is piled by an automatic stacker in such a manner that no segre-
gation occurs during stacking. In building up a pile a series of transverse
layers are made on the rectangular shaped area. A pyramid of ore is
first made at one end of the storage area. Next the entire bottom layer is
placed to a depth of about three feet, The pile is then built up by successive
layers 10 m long, but each layer is shifted in relation to the preceeding
one, by a distance that corresponds to the natural angle of repose of the
stacked ore. The weathering pile is shown in Fig. 11,

The leaching process has been optimized on the basis of the following
variables: leaching time, leaching temperature, average acidity, particle
size, and dust content,

Leaching is carried out in four 25 by 25 by 5 m concrete basins., The
basins contain 2000 tons of shale each and one basin is loaded every day.
The basin walls are lined with a sheet of neoprene rubber covered by acid-
resisting brickwork. The basins have filter bottoms comprising granite
stone rows between which are layers of gravel. The combined leaching and
filtration makes use of sulphuric acid. The shale from the weathering pile
is heated and moistened direct with steam to a temperature of approx. 70°C
and passed into a leaching basin. A total of four leaching solutions and
two wash waters are used. Leaching solutions are added so that shale
meets fresher solutions as the process advances. Newly charged shale is
percolated with a used leaching solution while the last leaching stage
receives a freshly prepared solution consisting of sulphuric acid added to
the wash water from an earlier basin. Two thirds of the leaching liquid
is added from below; the remaining third enters from the top., The quan-
tity added is sufficient to permeate all cavities in the shale bed; 0.35 m3 of
liquid are used for 1.0 ton of shale. This solution is then displaced with
the next leaching solution. '
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TABLE II. ANALYSIS OF SHALE, LEACHING RESIDUE AND
LEACHING LIQUID

Leaching Leaching

Shale residue liquid

® @ (8/ltre)
SiO, 4.9 45.5 0.8
AlQ, 12.3 12.0 18.0
Fe O 8.17 7.1 14.0
Cao 1.5 1.2 1.1
MgO 0.8 0.7 4.8
Na,0 0.3 0.3 0.8
KO 4.8 4.1 5.2
S 6.9 6.4
P 0.08 0.01 ° 1.7
As 0. 008 0. 007 0.12

0. 03 0. 008 0. 567
Corg 15.5 15.5

After the leaching cycle the leaching solution contains about 0.6 g/litre
uranium plus iron, aluminium, magnesium, potassium, phosphate and
sulphate, The leaching residue remaining after leaching is similar in
appearance and equal in volume to the shale fed into the leaching system,
Table II gives representative analyses of shale, shale residue and leaching
solution. An interior view from the leaching plant is shown in Fig. 12,

5.4. Ion exchange, extraction and precipitation

For the Ranstad project the following possibilities were studied for the
concentration step:

(a) Ion exchange - elution with ammonium nitrate acidified with nitric
acid - precipitation with sodium hydroxide or magnesium oxide

(b) Ion exchange - elution with sulphuric acid - precipitation with
sodium hydroxide or magnesium oxide

(¢) Ion exchange - elution with sodium chloride acidified with
sulphuric acid - precipitation with sodium hydroxide or magnesium oxide

(d) Amine extraction — re-extractionwith sodium carbonateor other
agents ~ precipitation with sodium hydroxide

(e) Extraction with dialkyl-phosphoric acid - re-extraction with
sodium carbonate — precipitation with sodium hydroxide

(f) Ion exchange - elution with sulphuric acid - extraction with
dialkyl-phosphoric acid (D2EHPA) - re-extractionwith sodium carbonate
— precipitation with sodium hydroxide.

Although alternative (d) (amine extraction) seemed to have the best
economy, it was not chosen because of suspected problems concerning
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difficulties with molybdenum: and the poisoning effect of traces of extractant
in the effluents to the v i

o

The final choice was alternative (f) (the Eluex process), Besides the
rather good economy of this alternative, ‘the Eluex process was found to
have the possibility of future development into a process which without
further purification steps would give uranium oxide of nuclear grade.



204 PETERSON

The ion exchange step is rather conventional. Toincrease the uranium
capacity of the ion exchanger the pH of the leach solution is raised to
about 1.8 by adding ground limestone. After filtration on a drum filter and
a precoat filter the solution is passed through two or three columns in
series, Loaded columns are eluted (split elution) with 1,5 M sulphuric
acid at 60°C,

The uranium in the eluate is extracted with D2EHPA in kerosene at
40°C (10% D2EHPA, 5% TPB, 85% kerosene) and is re-extracted from the
organic phase at 40°C with sodium carbonate solution (80 g/litre NoCOg).
The uranium is precipitated from this solution at 80°C with diluted sodium
hydroxide. After washing the precipitate is thickened and dried in an
electric dryer. The dry precipitate is in the form of a free-flowing powder.
As the barren solution from the precipitation step is treated with carbon
dioxide and used as re-extraction agent and the uranium-free eluate is
used in the leaching step, there are no losses of uranium in the Eluex
process,

The extraction-, precipitation- and drying equipment described below
was developed within the AE Company,

The extraction tank is divided into five mixing and five settling sections.
Both the organic phase and the water phase flow through the tank without
being influenced by any pumping action of the mixers, which means that the
interface between the two phases will not be altered if one or several of
the mixers stop. These conditions are achieved by placing in- and outlets
in the various sections in suitable positions., The construction of the re-
extraction tank is based on the same principle.

The precipitation equipment is designed for continuous operation.
Careful control of pH and agitation gives easily settling precipitate. The
precipitate is removed discontinually and washed in a thickener.

The dryer was designed with special regard to hygienic conditions
and mild treatment of the precipitate particles.

Table III gives analyses of eluate, uranium carbonate solution and
uranium precipitate,

5.5. Waste treatment

Two types of waste are obtained from the chemical processes; the
leaching residue and the barren solution from the ion-exchange step.

The leaching residue is unloaded by a grab crane and transported on
trucks to the waste disposal area, a low level area surrounded by hills,
The waste area has a capacity for solid residue of about 100 million tons.

The barren leach solution is treated in pachuca tanks with ground
limestone in the neutralization plant and air is blown into the tanks to
oxidize the divalent iron to trivalent. Gypsum, aluminium- and iron
phosphates and hydroxides are precipitated in this step. The sludge is
pumped onto the leaching residue in the waste area. The water from the
waste area is collected in a special reservoir, from which it is pumped
back to the neutralization plant, where it is treated with lime and chlorine.
The water is decanted in the water treatment plant and then it is pumped
to the retain basin., From there the water will - in suitable portions
depending on the season of the year and water supply in lakes and creeks -
be pumped across Billingen to recipients on the western slopes of the
mountain.
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TABLE III. ANALYSIS OF ELUATE, URANYL CARBONATE
SOLUTION AND URANIUM CONCENTRATE

Eluate Uranyl cafbonate Uranium
(g/hitre) solu‘non concentrate
(g/litre) (%)
U 19.2 44. 2 70. 9
Mo 0.143 0.29 0. 0077
Fe (tot) 0. 277 0. 0094 0.0148
Al 0. 036 0. 005 0. 0048
Mg 0. 010 0.001 0. 0012
Ca 0.24 0.003 0. 0047
Na 0. 076 23.4 7.4
K 0. 008 0,007 0. 0060
As 0.077 0. 0018 0. 0005
v 0. 015 0. 00003 0. 00005
Sio, 0. 048 0. 007 0.018
PO, 3.07 0. 020 0.0170

6. OPERATIONAL EXPERIENCE

Apart from the mining which has gone on for some years the mill was
taken into operation in the middle of 1965. The dressing plant started in
May, the leaching plant in September and the first batch of dried uranium
concentrate was produced in October.

During the testing period the plant was operated at reduced capacity.
Until the end of December 1965 the capacity was limited to 25% and from
- that date to 40% of the nominal capacity of the plant. The 40% capacity
means that most of the units run at the nominal capac1ty but for a shorter
period of time per day.

In Figs 13 and 14 material flow sheets are given for shale and uranium.
The Sankey diagrams are based on the preliminary operational experience
but figures given are for the full production capacity of the mill.

6.1. Mining, crushing and classifying

The most serious problem in the mine and crushing plant has been
freezing of the goods in the silos during this year's (1965/6) extraordinarily
cold winter, Apart from this no spec1al problems are expected when the
mill runs at full capacity.

The operation of the HMS units has been very successful., The amount
of sink (tailing) has been lower and the quality (CaCOs-content) of the float
has been better than planned. On the other hand, depending on operating
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conditions, the crushing of the shale has produced somewhat more dust
than planned and the capacity of the screens has been a bit too low. How-
ever, there will apparently be no difficulties to run the classifying plant at
full capacity.

Processes:

 Uranium bearing shale +
limestone inclusions +
earth material from
open pit
i Shale fines (0-6 mm)
Coarse Crushing 2860 tons e 2 1o e
Screening (on the top
of the silo

Dressing
Slimes (fines and earth

material)
4-5% = ~ 130 tons

a) washing

b) sink-and-float

process . .
Sink products: limestone

inclusions + heavy shale
11-14 % = ~ 360 tons

Fine Crushing and Shale dust

Screening 8-10 % = ~ 260 tons
Weathering
Leaching, Waste solutions

=~ 30
Ion Exchange, 1% tons

Eluex, and

Precipitation
Leaching residues
65-73 % = ~ 1970 tons

400 kg U

FIG. 13, Materials flow sheet for 1-d shale handling at full plant capacity.

6.2. Weathering storage and leaching

Although the equipment in the weathering storage has functioned well it
has been found that the necessary storage time is longer than planned and
probably as long as five weeks on the average. At full capacity of the mill
the storage time will be only about two weeks and so the storage must be
enlarged or made more effective by other means (e.g. by means of
moistening and airblowing).
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The equipment in the leaching plant has operated according to expec-
tations and will most probably not give rise to any serious problems during
full capacity runs. Only some minor troubles with the equipmentforloading
of the shale into the leaching basins will have to be taken care of. The
leaching process has worked as planned and given the expected yield (after
the prolonged storing found necessary).

Processes:

Coarse Crushing

Screening

Dressing:

a) washing

b) sink-and-float
process

Fine Crushing and
Screening

Weathering

Leaching,
Ion Exchange,
Eluex, and

Precipitation

i 845 kg U (corresponding
B to 2860 tons incoming H

material)

400 kg U
concéntrate
Yield: 47 %

Shale Fines (0-6 mm)
~35kg U

Slimes

~40kg U

Sink Product
~70 kg U

Shale Dust
~80 kg U

Waste Solutions
~2kgU

Leaching Residues
~218kg U

FIG. 14, Materials flow sheet for 1-d production of uranium concentrate at full plant capacity.

6.3. JIon exchange, extraction and precipitation

The equipment in the ion exchange plant has functioned well except for
some serious trouble with the drum filter in the beginning, The ion
exchange process has suffered from a several times more rapid poisoning
of the ion exchanger than was expected. However, the poisoning has been
of a temporary type and the resin has been regenerated to full capacity.

In the extraction plant there has been a severe corrosion of the equip-

"ment made in Mo-containing austenitic stainless steel (AISI-316). Probably
the extraction tank must be replaced as well as some other equipment in

connection with it,

Apart from the corrosion problem the extraction equip-

ment and the extraction process have worked as planned.
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The precipitation and drying equipment and processes have functioned
well after initial troubles. The uranium concentrate has the expected
free-flowing character.

The rapid poisoning of the ion exchanger and the severe corrosion of
the stainless steel equipment may have a common cause and depend upon
the presence of polythionates formed during unfavourable conditions in the
weathering storage.

6.4. Waste treatment

The solid waste treatment has worked as planned except for the handling
of the dust from the dressing plant. The neutralization plant has suffered
from some problems with the pumps for handling heavy limestone slurry.
Otherwise, the waste treatment has functioned well and probably there will
be no serious problems when the mill runs at full capacity.

7. ECONOMY OF URANIUM PRODUCTION

7.1, Investment

The investment per daily ton is about 50000 kr ($10000). In 1957
the projected investment was 116.,5 Mkr, Recalculated to 1965 year's prices
this corresponds to 143-145 Mkr (see Table IV).

7.2. Plant-operating cost

On the basis of the first year of operation the yearly cost for operation
of the Ranstad mill at full capacity has been estimated to between 16,3 and
17.8 Mkr. The salary cost (186 employers in total) is 4.7 Mkr.

Yearly around 850 000 tons of ore have to be treated to give a uranium
production of 120 tons. The cost per ton treated ore then will be 19 - 21 kr
($3.7-4). The cost per kg uranium produced will be 136-148 kr ($10-11

TABLE IV. INVESTMENT COSTS

Buildings Equipment Total
(Mkr)? (Mkr) (Mkr)
Mine, crushing and classifying plants 29.8 26. 7 56.0
Stora.lgfa, l‘eachmg, ion e?(ch:?.nge, extraction, 18.4 5.3 43,7
precipitation and neutralization plants
General 28.1 15.9 44.0
Total 75.8 67.9 143.17
(828 M)

2 Mkr = million Swedish kronen.
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per 1b U30g). In 1957 the same cost was calculated to be 21 kr ($ 8.9 per 1b
U30sg) and the difference in cost is related to the rise in salaries between
1957 and 1965.

The costs given above do not include amortization charges.

Combining the present plant with a by-product plant based on roasting
of the leaching residue (see section 8) would lower the production cost per
kilogram of uranium considerably but still give a cost above the present
world market price.

8. DEVELOPMENT POSSIBILITIES

It was foreseen from the beginning that the uranium from the Ranstad
mill would not be produced at costs competitive with the (present) world
market prices. Attempts were made to improve the economy of the Ranstad
factory throughby-product winning. As early as 1957 a study was made of
a plant based on roasting of leaching residue. The plant would produce
steam, power, sulphuric acid and raw material for porous concrete pro-
duction. However, both technique and economy of such a plant were con-
sidered too uncertain to warrant a project.

Technical developments in the last years have made it possible to
revive this study of a plant for by-product winning at Ranstad. The new
study is also based on roasting of the leaching residue and the products are
mainly the same as given above. However, the use of the roasted leaching
residue has been extended to include several other building materials, e.g.
light-weight aggregate, tiles and pozzolana.

An alternative would be to roast the shale before leaching, whereby a
higher uranium recovery would be possible. However, this process calls
for slurry leaching, requires rather low roasting temperatures (600-650°C)
and furthermore seems to make a higher investment necessary, At present
this alternative is not as favourable as the preceding one. At higher
prices on the uranium market it might, however, be preferred if an in-
crease in uranium production becomes necessary.
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IIOA3EMHOE BHIIIEJJAYNBAHUE -
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TOCYIZAPCTBEHHBIA KOMUTET IIO UCNOJL30BAHUIO
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Abstract -—— Ausorauust

UNDERGROUND LEACHING — A METHOD FOR THE ECONOMIC EXTRACTION OF URANIUM FROM
LOW-GRADE ORES. The method of underground leaching of uranium ores has a number of advantages
over extraction followed by processing of the ores in factories. It has been studied in two types of deposit,
occumring in rock masses and sandy shales. Research techniques were worked out accordingly for the leaching
of uranium from large-grained ore (-200 mm) and from layers in natural stratification. Special models were
constructed permitting the simulation of underground leaching conditions. The results obtained were checked
in field conditions on experimental plots and experimental underground blocks. The investigations
demonstrated the practicability of the process of underground leaching of uranium from certain ores and
made it possible to work out flow-sheets and routines for an industrial process, information about which is
given in the paper.

NOA3BEMHOE BBIUEJAYUBAHUE - CITOCOBE DKOHOMUUHOTO U3BJAEYEHUA
YPAHA U3 BEIHBIX PYJl. MeToA NOA3EMHOTO Bbille/lauHBAHUA yPaHOBBIX PyX UMeEET psn
npenMmymecTB nepen nobsiuelt U nepepaGoTkoit pyn Ha 3aposax. OH H3yyascs Ha ABYX THIax
MeCTOPOXJAESHHH, 3a/eranuux B CKaJbHBEX NOPOAAX U NECYAHO-TJIMHUCTHIX mlactax. CooTBeT-
cTBeHHO 6ra paspaboTaHa MeToAMKa HCCA€ZOBAHUS IS Bhllle/lauyMBaHHs ypaHa U3 KpPYIHO-
KyCKOBO# pyast (MHUHyc 200 MM) U U3 IJIaCTOB B €CTeCTBEHHOM 3ajleTaHuu. BHIIN CO3haHbl crie~
uManpHbIE MOJE/NH, NO3BOMNSNIIUE HMHTHPOBATb YCJIOBHS NOA3EMHOTO BhlllenauydBaHuds. Iloay-
YeHHble NaHHble NMPOBEPSIIMCH B NOJEBHIX YCHOBHAX Ha ONMbITHBIX Y4aCTKaAX H OMBITHBIX MOA3€MHBIX
6rnokax. HccnenoBaHusi MO3BOMMIM NOKa3aTh NPAKTHUYECKY PEanbHOCThL NPoOUecca NOA3EMHOT0
BhllUle/IaYWBAHHUA ypaHa U3 HEKOTOPERIX pya u OTpasOTaTb CXeMBI H PeXHUMBI MMPOMBIIJIEHHOI'O Npo-
necca, CBEN€HHsI O KOTOpbIX NPHBOAATCA B JoKiaane. .

CymecTBylollHe TeXHOJIOTHYECKHe CXeMbl U3BJIeUeHHs ypaHa U3 DyA Ha
CeronHs JOCTATOYHO COBEpUIEHHBI, 0COBeHHO B YacTH nepepaboTku K06 TOTO
crpbs. OXHAKO H3BJIEKATH YPaH MO 9TUM cXeMaM U3 GeAHbIX PYX NpakTu-
YeCKHM HEBO3MOXHO MO 9KOHOMHUYECKHM COOGPaKeHUsIM,

Cpenu usyuaeMsx B CCCP pa3/MuHbIX HanpaB/ieHU# Mo yTHIN3aUUU
GenHBIX YPAHOBLIX pyA NMOIA3€MHOe WX Bhllle/layMBaHUe TaKXe MOJb3yeTCs
DOCTAaTOYHBIM BHHMaHHUEM.

Unes noxn3eMHOTIO BhlLi€JlaYyNBaHHA He HOBa, ee paspaboranu u uayvamoT
B HacTosllee BpeMs B Pa3HBIX OTPac/sfX NPOMBIUJIEHHOCTH. B psane ciay4daes
3TU paboTh HamJIM NPOMBIIJIEHHOE NPHMeHeHHe, HanpuMep Jobriua paccoyos
MOBapeHHO} COMM At COAOBLIX 3aBonos ([Tonsma, ®PI", Pymuinus, CCCP),
nosydyeHye cepsl no Merody $pama (CIIA), BrmesaunBaHue MeAW U3 cTa-~
poix orBanos (CIHA, CCCP, HcnaHus v Ap.), Bhllle/JlauyuiBaHUe KapHOJHUTOB U
cunbBuHUTOB (CIIA, KaHana). B apyrux xe o6nacrtsax sTa npobineMa eme He
BBIIIJIA U3 CTAJUM ONBITHBIX yCTAHOBOK. Kak Nnoka3an Hay4YHO-TeXHHYeCKHuH
aHalIu3, MeTOX NMOA3E€MHOIrO BhIIe/ayiBaHUs NGJE3HAIX HCKONAeMBIX B CBOeH
OCHOBE MMeEeT psl NMOoTeHUHalbHBIX NPEeUMyIieCcTB nepen Kobbiyed pyn U nepe-
paborkofi UX Ha 3aBozax. OH NO3BOJIAET PAaCWHPUTH PEeCyYpChl ypaHa 3a CueT
BOBJIEUYEHHST B 3KCIUIyaTaluHuio 6elIHbIX PyaAa.

210
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Ilpu noA3eMHOM BhILlEJAUMBAHHHN HCKIIIOUYAOTCS JOPOTOCTOALHEe onepa-
UMK BbBIJAYHM CHIPbS HAa NOBEPXHOCTH M, TAKHUM 06pa3oM, OTKPHIBAlTCSH A0~
MOJHUTE/IbHbIE MEPCIEKTUBH MO CHUXEHUIO CTOMMOCTH MoJydyaeMoTo ypaHa.

OTUM MeTOOOM MOXHO H3BJI€EKAaTh yPaH M3 CTaphiX PYAHBIX 3aKIaloK
JIOKaJbHBIX 3aJiexell, 8 TakKxe U3 TAaKUX MECTOPOXAEHUH, KOTOphI€ HE 3KCI-
JIyaTHUPYIOTCS M3-3a CJIOKHBIX TOPHO-TEO0NOTHYEe CKHUX yCIOBHH.

CoumnajabHbie aCleKkTsl B ypaHoBoi npomeimiaenHoctH CCCP umMmerwT pe-
malpumee 3HayeHUe, MO3TOMY HaydHhble HanpaB/IeHHs, NO3BOJSOHE UCKIIYNUTH
pPSiA BpeIHBIX IJIs OPTAaHU3Ma 4YesJoBeKa onepauud U obJeryuTh yCJAOBHS Tpyaa,
BCTpeyYaloT ocobylo noAnepxKy. HeManoBaxHylo poJb UI'PaeT UCKIOUEHHE
B 3TOM mpouecce Npo6aeMbl HaKal/IMBaHUS paJHOaKTHBHBIX OTXOLOB Ha NO-
BEPXHOCTH.

Yxa3aHHbie cooOpaxeHus Ialu BO3MOXHOCTH BECTH MUCCJIEJOBAHHA IO
MON3eMHOMY BhIL€JaUHBAHHIO YPAHOBBIX Pyl BEHICOKHMH TeMIlaMH, NO3BOJUB-
IHMH K KOHLY 1965 roza ocymecTBUTH HA HEKOTOPHIX NpeANPUATHAX MOCTOSAH=
Hyl0 no6biuy ypaHa yKa3aHHBIM CIIOCOGOM.

HccnenoBaHHs NPOBOAHIMNCE N0 KOMIUIEKCHOMY IUIaHY C NMPHBJIeYEHUEM
cneuMaauCcToOB TeoJIOoTOB, THAPOTeoJoTOoB, $U3IUKO-XUMHUKOB, TEXHOJIOTOB.
O6mee pyKOBOACTBO M KOOPAMHAUMUS paboT OCYWECTBIASIUCEH CleUHaJTbHBIM
Hay4HO-TE€XHHUUYECKHM COBETOM.

MeTona nmoA3eMHOTO BhIIETAUYNBAHUS U3y4yasyCs HA OBYX THINAaX MeCTO-
pOXIEeHHH, 3aJeTallUX B CKaJbHBIX NOPOJax W B NE€CYAHO-TJIHHUC THIX
nmracrtax. OTcCo0Aa ¥ MeTOZWKA UCCIeOBaHUs B OJHOM ciyuyae Oblla paspa-
6oTaHa /s BhHIUEJaUyHBAHUS ypaHa M3 KPYNHOKYCKOBO# pynrr (Munyc 200 mMm),
B ADYTOM — M3 IUIaCTOB B UX €CTECTBEHHOM 3aleranuu. HccienosaHus
NPOBOAUIUCE Ha cHeLHaNbHBIX MOJAEJASX, NO3BOJSIOUWMKX B ONpele/IeHHOR cTe-
NeHH HMHTHPOBAThH yYCJOBHS NOA3€MHOTO BhIlleauuBaHus. IlolyuyeHHEIe naH-
Hbl€ MPOBEPSIH B ONBITHHIX MOA3IEMHBIX GNOKaX C KOJHYECTBOM pynb oT 1700
no 11000 r.

B nposBeZeHHBIX HCCIeAOBaHUAX ObIJIO yAE/JeHO BHUMaHue BrIGOpPYy NMOAXO-
AsWeTo peareHTa, U3y4EeHHI0 KMHETHKH Npolecca, BO3MOXHOCTeEH eTo HHTEeH-
cudukauuy, NPOBEPKH MUTPaLUH paAHOAKTHBHBIX U XUMHYECKHX 3JI€MEHTOB
BO BHEIIHIOI cpely H Mp.

HccnenoBaHus NO3BOMMIIN NOKA3aTh NPaKTHYECKYI0 pealpHOCTH npouecca
MOLA3€MHOTO BhIEJaYUBaHHS ypaHa U3 HEKOTODPLIX PYX ¥ oTpaboTaTe CXeMBbl
M PeXHMBI NPOMBIIJIEHHOT O Npouecca. '

H3BreyeHHe ypaHa B NOA3eMHBIX yCIOBHUSAX U3 CKaJIbHbIX NOpold TpebyeT
onpe/ie/IeHHOTO KOMIIEKCA NpeABaPHTENbHEIX TOpHLIX pabor. Ilis 3ToTo
pyZa oTbuBaeTCs C NOMOLLI SYPOB3PhIBHLIX paboT U MarasuHUDPYeTCs B MOJA-
3eMHbIX 670Kkax. PaspymeHHe pyAHOTO MaccCHBA NPOU3BOAHTCA C MOMOIbIO
BBICOKONIPOU3BOAUTEJILHEIX CUCTEM BeXeHHS TOPHBIX pabor. s ycTpaHeHHs
MoTeps pacTBOpPa NoX 6JOKOM H GIOKOBHIMH BOCCTAKIMUMM Ha MOUYBE mTpeKa
YKJIaAbIBaeTCs HallexHas TUApousoasauus., CuHCTeMa opomeHHs 3aMara3uHu-
POBAHHOM Py bl COCTOMT H3 JBYX HAaCOCHHIX yCTaHOBOK U HaGopa dopcyHoK.
PopcyHKH pacnojioxeHbl TakuM o6pa3oM, UTOCH! NPU OPOLIEHHH CMadyHBaaach
MOJIHOCTBEI BCS NOBEPXHOCTH Py Asl (puc. 1). B kadecTBe peareHTa Npume-
HAIOTCST O6MeU3BECTHBIE PACTBOPHTEH, KPOME TOI'O, HCC/IEAYeTCH BO3MOX—
HOCTh NPUMEHeHHs npouecca 6akTepHaNbHOTO BhILIEJIAUUBaHUS .

PaspaboraHHbie peXHMBl NpelyCcMaTpHBAKT M€PHOLHYHOCTEH OPOIIeHHS
MO THUMY KaNW/JAPHOTO BhIleNauyuBaHug. IIpoAyKUMOHHBIE PAaCTBOPEI, NPORAS
BCK TOJIIY PyXAbl, COOUpalTCs Ha NHUIle, 3aTeM HANpPaB/ASIOTCA B CleLuHalb-
Hy0 €MKOCTh, CMOHTHPOBaHHYI0 Ha HHUXHeM TOPU3OHTe, OTKyJa NOCTYyMNamoT
Ha MOBEPXHOCTh IJIs AanbHelmel nepepaboTku (puc. 2).
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B pesynsTaTe GypOB3pHIBHBIX paboT oTéuBaeTCs pysa, CHTOBas Xapak-
TepUCTHKa, a Takxe PU3HUecKUe cBoicTBa KOTOpPOH BUAHBEL U3 Tabn. 1 n 2.
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Puc. 2. Cxema ueny annapaTtos.

CucTeMa TOpPHbIX paboT OCHOBHIBAETCS Ha HOBeHWHUX ROCTHUXEHHUSIX B
37Ol 0671aCTH U MO3BOAAET Pa3pyllaTh U Mara3MHUPOBATEL OTOUTYK pyny B
nogseMHsle 6JI0KH C BhlAayeil Ha nmopepxHocTh He Gosee 10% ot obmero ko-
nuuecTBa oTOUTOMN pyasl. IloaseMHbie 6/10KH coopyxakorTcs Beicoroit 30 u
60 M ¢ KonudecTBOM pyasl Ko 100 Teic. T u 6Gonee B KaXJAOM.

Va3BneuyeHHe ypaHa U3 NPOJYKLHOHHBIX PACTBOPOB OCYIeCTB/AETCS C
MOMOIBLI 3KCTPAKLUHMOHHO~COPOUHOHHOTO NpolLecca, Nocjie 4ero pacTBOPEI
BHOBbL MCIOJNBL3YIOTCS A/ BHIUETAYHBAHHUS .

IIpuMeHeHHe Mponecca NOA3eMHOTO Bhle/adyMBaHUA TO3BOJIUIO HCKIIK -
YUTH U3 npouecca Jo6bIuM ypaHa psJ NPOU3BOACTBEHHEIX omnepauuil, 4ro
BUIHO U3 CHeAYImMUX JaHHBIX (Tabn. 3).

CokpaumeHle 4yucsaa TPyAOSMKHX ¥ JOPOTOCTOSMMUX onepanuil 3HayuTesNb-
HO CHHU3UJIO CTOMUMOCTH nobriBaeMoro Meranna, CToOUMOCTH BCeX onepalHi
Mo nepesony ypaHa B PaCTBOp NpHU NOA3E€MHOM Bblll€/aYHBAHHH KPYNHOKYC=
KOBO# PyJsl C YUeTOM [NOCTHUIaeMoro U3BJIeYeHHUs cocTasaseT okono 20%
oT obmeit cTouMocTH JOGBITOTO ypaHa.

ITo onucaHHOMY MeTOAY MNOA3€MHOTO BhIlle/IaudBaHHUsI B HacTosllee
BpeMmsi B CCCP Ha onHOM pyIHUKEe yCleIHO NPOU3BOAUTCS MPOMBINIJIEHHAS
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TABJIHUIA 1. CHTOBASA XAPAKTEPUCTHUKA PYIbI

Knacc, MM Brixon knacca, %,
-200+100 -22,3
- 100 +50 -19,2
- 50425 -27,7
- 25 ~30,8

TABJUILIA 2. $U3UYECKHUE CBOWCTBA PYIbl U IOPO bl

1. O6meMHBI Bec pyad! (Cyxoit) 2,2 /M3
2. YnenboHbl BeC pyXnsl 2,6 /M8
3. BrnaxHOCTH 8,5 %
4. KoadduuueHT KpenocTH Mo mKase
TIpOTOABSKOHOBA :
TPaHnT-nop®HUPUTE MacCuBHbIE 12 -15
rpaHuT-nopdupsl 30H ApobaeHUs 8—-10
Maprefd, apTUUTMTE U NeCYaHWKH 2~8
5. Koasdduuuenr pyaoHocHocTH 0,25-1,0

6. MomuocTs pyAHOTO TeJsa
3a6asaHCOBHX Py X 20 M

7. PacnpegesieHue nonesHoro
KOMIIOHEeHTa Kpaitne HepaBHOMepHOe

obpaborka GeaHpX ypaHOBHIX pya. Ilocse oTpaGoOTKH NPOMbIWJIEHHB X PY A
3TOT PYAHHWK AOJIXHBI OBIJIM 3aKPBITh, HECMOTPS Ha TO, YTO B HEAPaX ocTa-
Basoch eue 6onbuwoe KOJHUYECTBO ypaHa B 6elHbX pyAax (Zobblua KOTOPbIX H
M3B/IeUeHHe U3 HUX ypaHa OOBIUHBIMH CcrocOoGaMH 3KOHOMHYECKH Helesnecoob-
pa3Ha). Ha puc.3 BHJAeH XapaKTep OpPYAE€HEHHUS U COOTHONEHHE MAaCCHBOB
npoMbllIeHHOH! 1 6enHoit pyn.

Kpome toro, B CCCP nporoasfitcs paGoThl IO U3BJIEUEHHI0 ypaHa Ha
MEeCTOPOXAEHUSAX [IJIaCTOBOTO TUNa. Ilon3eMHOe BhlenaydBaHHE K3 MI1ACTO-
BBIX MEeCTOPOXIAEHHH B NPUHLUIIE He OT/IMYAETCH OT TeX CXeM, KOTOphIe He-
OZHOKPAaTHO ONHCHIBAJUCH B naTeHTax, HanpuMep JIeBHHTcToOHa, MeHke
(CIIA) u nmp. :

CyImHOCTE 3TOTO MeTOJa ZOBOJBHO MPOCTA H 3aKJII0YaeTCs B TOM, YTO B
PYZAHBIA IJIaCT Yyepes3 CepHIo HaTHeTaTeJhHBIX CKBAaXHH NOJaeTCs peareHT,
nepeBOASIMUA ypaH U3 MUHepajioB B PacTBOP, a U3 APYTOH CepUM CKBaXHH,
pPacIoI0OXeHHBIX Ha ONpele/IeHHOM PaCcCTOSHUM OT HaTHEeTaTeJIbHbIX CKBaXHH,
TeM WIM UHBIM CPeICTBOM OTKAUHBAKTCHA ypaHCoZepxaliie PaCcTBOPHI.

Ilo psiZy NMPpH3HAKOB HEeKOTOPH € YPAHOBbIE PYIbl HECOMHEHHO [PUTOLHbI
LI OCYILleCTBJEHUS TaKoTro Npolecca BhllleJIaUMBaHUSA B IOA3E€MHBIX YCIOBHAX.

K aTuM mpu3HakaM Mbl OTHOCHM HHU3KOE€ COLepXaHHe ypaHa B pylax, He
nosponsiomee peHTabelbHO UX OTpabaThBAThF MeXaHHUECKHUM cliocobowm,
OKHCJIeHHYy ®OopMy ypaHOBOH MHHepanu3aluu, obyClaB/JMBAlIYI0 OTHOCH-
TeJIbHO JIETKUH Nepexok ypaHa B pacTBOpP, NPOHHLAeMOCTh PyAHOTO IJIacrTa,
CoBMelleHHe B psle CAy4YaeB PYJOHOCHOTO H BOJOHOCHOTO IJIaCTOB, HajiHuue
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TABJIHWUA 3. OCHOBHBLBIE OIIEPAIIUU ITPU OBBIYHOM CIIOCOBE
JOBBIYN YPAHA U IIPHU IOBLIYE METOJOM IOIA3EMHOI'O
BBIIIEJTAYNBAHUYA

Jo6rya ypaHa No MeTOAy NMOA3EMHOTO

O6b1unbIf crioco6 no6biuM ypaHa
BB €/IaYMBAHUS

1. BCKpbITHE MeCTOPOXIeHHUs 1. BckphITHE MECTOPOXAECHHS

2. IMoaroroBka rOpU3OHTOB ¥ 61OKOB 2. TloaroroBka ropu3oHTOB ¥ 610KOB

3. Orb6oiika pyast B 6a0Kax 3. PaspymeHue pyab 6ypoB3pbIBHBIMH
paboramu

4. Brlauya pynb u3 6roka

5. 3aknanka o6pasoBaHHBIX NYCTOT B
pe3ynpTaTe ,I[OGB[HH oJIe3HOT O
HCKOIlaeMoro

6. T'opu3oHTaiabHas U BepTHKaJbHasA
TPaHCIMQPTUPORKA PyZbl NOX 3eMJjei

7. IlepeBanka pynsl B GyHkepa u
norpyska u3 Gynkepa

8. TpaHcnopTHpoOBKaA PYALl Ha 3aBOX
9. O6orameHue pyxnb

10. BslmenauMBaHHe YPAHOBHIX Pyl Ha 4. W3BneuyeHue ypaHa B pacTBOp U3
THAPOMeETAa/IypruyeckoM 3aBoje 3aMaTHU3HPOBAHHON Py bl

11. BriimeslauMBaHHe ypPaHOBRHIX PYA Ha
THAPDOMETANIyPrHYeCcKOM 3aBode

12, Copbuus ypaHa U3 nyJibNb Ha 5. Cop6buus ypaHa U3 pacTBopa
THIAPOME Ta/NIyprHYeCKOM 3aBole

13. CosgaHue XBOCTOXpaHHIMILA

14, TpaHCnopTHpPOBKa U CKJaZMpoBaHHe
XBOCTOB

15, Owuucrka nebasaHcoBbX CEPOCHBIX
pPacTBOpPOB

16. Co3naHHe OTBaJIOB NONYTHO AOGBITHIX
3abanaHCOBLIX PYXR Ha pyHIHHKE

17. OpraHu3auug KapsepHOTO Xo3sicTBa
no no6sye 3aKAafOYHEIX MaTepHaoB
¥ TPaHCIOPTHPOBKA UX K MeCTy
3aKk/JalKid BHpPaGoTaHHOTO NMPOCTPaHCTBA

NnpaKkTHYeCKH HeNPOHHLaeMbIX I'JIMH B MOACTHJIAK0 LUX NopoAaX (NOA YPAaHOBBIM
1acToOM) H T.X.

C y4yeToM yKa3aHHBIX MOJOXEHU#H, Nocie NpoBeAeHHs psiia UCCJle foBa -
TeJbCKHUX M ONBITHBIX paboT Ha AByXx MecTopoxaeHusx CCCP, opranusoBaHa
ONBITHO-NPOMBIlIJIEHHAst OTpaboTka JIOKalLHBIX YPAaHOBBIX 3ajCXei.

B pesynpTaTe npuMeHeHHs 3Toro cnocota ce6ecCTOMMOCTE ypaHa 3Ha4yW-
TEJBHO CHHMXEHAa IO CPABHEHUI0 C er'0 CTOMMOCTHEI0 B OCHOBHOM IIPOU3BOJCTBE.,
3To0 MeCTOPOXJAEeHHE CJAYXHT NPUMEpPOM HCIMO/Ab30BaHUA JIOKaABHBIX 3ajexe#,
oTpaboTKa KOTOPHX Me€XaHHUYEeCKUM ‘Crloco6oM HepeHTabesnrHa.

YcnemHoe ocyuecTB/lIeHHe ONMUCAHHBIX paboT CTaso BO3MOXHBEIM 6aro-
napsi onpenejieHHo!l opraHH3alWM Hay4yHBIX UCCJeLOBaHHIi, coyeTawn KX aa-
BopaTopHble UCCNeROBaHHA C Napaje/]bHOA NPOBEPKOR MONYyYeHHBIX KaHHbIX
B NOJIEBHIX YCJOBHUAX HA ONBITHBIX YYAaCTKaX ¥ ONBITHBIX NMOA3EMHbIX 6IOKaX.
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HccnenosaHus Mokasaliv, YTO MpPOLECC NOA3€MHOTO BHIIETauuBaHUA B
TOM BHAE, B KAKOM OH CylleCTBYeT CerolHsi, OTHOCUTCS K KJacCy 3KCTEHCHUB-
HBIX npoueccoB. Ilo MeXaHU3My H KHHeTHKe OH NOApa3fesiseTcsd HaMH Ha
ABa THMA.
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KoHTyp 3aneraHus 6alaHCOBLIX U 3a6a/1aHCOBBIX PYA.

Ilpu BBIMEIAYMBAHUH KPYIMHO KYCKOBOH pynsl B 6710kaX OH nozobeH npo-
1eccy KalWISPHOTO BhIUle/IauHBaHUsi, a H3BJIeueHHe ypaHa U3 NpoHHUaeMo#
PYAsl B NJIACTOBBIX YCJOBUSAX NPOTEKAET MO 3aKOHaM (HUIbBTPALlMOHHOTO BHI-
umejrayuBaHUudg U HMeeT MHOI'O 0611191‘0 C MNEepKOJIIUUOHHEIM NIPOLUEeCCOM.

HJanpHefilHe HCCIeOBAHUS HaNpaBJI€HH Ha MHTeHcUuPUKaLuoO Npouecca
MOA3eMHOTO BHIIEJaUYNBAHHA KaK NyTeM (PHU3HKO-XUMHYECKHX HUCCJeNOBaHMUA,

TakK ¥ NyTeM palu{OHabHOTO NMOCTPOEHUS TEXHOJIOTHYEeCKOTO Npoliecca oTpa-
60TKH TeX WIH HHBIX ypaHCOAepKalluX 3ajie Kell U pyAHBIX Tel.
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Abstract

RECOVERY OF URANIUM FROM LOW-GRADE SANDSTONE ORES AND PHOSPHATE ROCK.  This
paper is concerned principally with commercial-scale experience in the United States in the recovery of
uranium from low-grade sources. Most of these operations have been conducted by the operators of uranium
mills as an alternative to processing normal-grade ores. The operations have been generally limited,
therefore, to the treatment of low-grade materials generated in the course of mining normal-grade ores.

In some circumstances such materials can be treated by simplified procedures as an attractive source of
additional production. The experience gained in uranium recovery from phosphate rock will be treated in
some detail. The land pebble phosphate rock of central Florida generally contains about 0. 01 to 0. 02%
U,0;. While no uranium is being recovered from this source at the present time, it does represent a
significant potential source of by-product uranium production because of the large tonnages being mined.

INTRODUCTION

The uranium mills in the western United States process sandstone
ores with average uranium content generally in the range of 0.1 to 0.4%
U3Og. In both open-pit mining operations and underground mines some
waste rock is generated which contains sufficient uranium to warrant its
segregation for subsequent treatment. The uranium content of some of
this material which has been processed is generally in the range of 0. 02
to 0.10% UzOg. In addition some simplified flowsheets have been employed
to produce either an intermediate product for further treatment in a
conventional plant, or a refined product needing little or no additional
processing. '

The land pebble phosphate rock of central Florida generally contains
about 0. 01 to 0.02% UgOg. The production of marketable phosphate rock
in Florida reached 16.4 million long tons in 1964 and about 20 million tons
in 1965. However production of high analysis fertilizers in 1966 is 25 to
30% higher than for a comparable period in 1965. This represents a large
resource of uranium, most of which should be recoverable at costs of less
than $10 per pound of UgOg.

Characteristics of the sandstone ores

The principal uranium reserves in the western United States are in
sandstone-type deposits. From the metallurgist's viewpoint the most
important characteristics of the ores are the constituents which consume
reagents, interfere with processing operations, or represent potential
by-products.

In most of the sandstone ores the sand itself is barren. Uranium and
other values occur as interstitial material and coatings on the sand

216
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particles. Calcium carbonate is commonly present in significant amounts
ranging from 1 or 2% to perhaps 20 to 30%. The ores commonly contain
from several per cent to 20% bentonitic clays, and a small amount of
soluble organic matter. Despite the clay content, the rock is typically
fairly porous and poorly consolidated. Molybdenum is frequently present
in sufficient concentrations to be troublesome, but seldom sufficient to

be attractive to recover as a by-product. Vanadium is the principal
by-product, obtained largely from the carnotite-type ores of the Uravan
Mineral Belt. With the notable exception of the carnotite-type ores, the
uranium is usually found in a reduced valence state as coffinite and
uraninite. The pyrite content is variable, but generally low in comparison
with the highly siliceous conglomerate ores, such as those of Canada and
South Africa. In those deposits containing uranium in a reduced condition,
the pyrite content may be on the order of 0.1 to 1. 0%.

Waste rock treatment methods

The treatment of low-grade sandstone rock containing 0. 02 to 0. 1%
UgOg has been accomplished by either:

(a) Heap leaching of the mined rock either at the mine site or at the
mill if ore transportation costs are not burdensome; or

(b) A scuffing operation, followed by a sand-slime separation and
concentration of the slime into an upgraded product.

Heap leaching

The procedure is by no means new, having been practised successfully
at the Urgeirica mill in Portugal in the early 18950's. It was as a result
of the observation of natural or spontaneous leaching of these ores that the
contribution of bacterial activity to the solubilization of the uranium was
first recognized. Most of the domestic ores contain too little pyrite and
too much calcium carbonate to make bacterial leaching effective without
supplementary addition of a source of sulphur. As a low cost source of
acid, the barren solution from nearby uranium mills containing both ferric
iron and some remaining sulphuric acid is frequently available for a leach
reagent for the heap leach operations.

The chief concerns in constructing heap leach piles are to lay them
out in such a manner that the permeability is reasonably consistent
throughout the pile area, that drainage is good from the bottom of the pile,
and that solution losses are held to a minimum.

Because of the natural porosity of the sandstone ores, fine crushing is
necessary. Rock can generally be used for heap leaching without further
size reduction. The area in which the pile is to be built, which may be as
much as 400 ft on a side, is carefully graded into a series of gently sloping
shallow troughs, about 8 m wide and 15 to 30 cm deep. The surface of this
area is covered with an impervious plastic or thin rubber sheeting. Small
diameter perforated asbestos or other non-metallic pipes are laid the
length of the troughs to form solution collecting lines. In some cases a
bed of gravel or fine stone is then laid on top of the pipes. An alternate
method is to cover the pipe with a screen sleeve to prevent blinding of the
perforations. :
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The ore is first moved on top of the prepared site with a front-end
loader. Once a sufficient bed of ore is laid down, however, the bottom
dumping ore trucks may discharge directly onto the top of the pile. The
proper depth of ore in a pile depends upon the permeability of the pile
‘and the practical considerations of the ore-handling operations. The
compaction resulting from running heavy equipment over the pile during
its construction has proved acceptable. Once sufficient ore has been
accumulated on the leach site, a bulldozer is used to level off the surface
and divide it into a series of shallow rectangular depressions into which
the leach solution can be directed.

One recently constructed heap leach pile is about 10 m deep. The
time required for the solution to percolate through this pile — solution
retention time — is estimated to be about two weeks.

At one location, a barren raffinate from the normal uranium milling
circuit is used for the heap leaching. It contains about 2-2.5 g/litre total
iron, about half of which is ferric. The free acid content, after spiking
with some additional acid, is about 10 g/litre sulphuric acid. This solution
is pumped into the shallow ponds on the heap and allowed to percolate
through the bed. Another practice is to apply the calculated acid re-
quirement as a concentrated solution containing about 35% sulphuric acid
initially, followed by recycled dilute solutions or by water [1].

Methods of handling the pregnant liquor draining from the heap leach
vary with the circumstances. Where the heap leach operation is conducted
near an ore processing plant, the liquor can be introduced into the mill
circuit at a point where the mill solution has about the same uranium
content. Since the uranium concentration in the solutions from heap
leaching characteristically decline gradually over an extended period of
time, a thickening circuit, or some other multiple stage ore washing
circuit offers a series of washing stages at which solutions of various
contents can be introduced.

Recovery of values from heap leach operations is somewhat difficult
to measure with any degree of confidence, since the ore is generally only
roughly sampled at the time the pile is constructed. The extraction period
may vary from one or two months to more than a year. However, indi-
cations to date are that recoveries on the order of 50 to 80% are being
achieved. Once the leaching is completed the pile of leached rock is left
on its site, and the next leach pile must be constructed on a new piece of
ground.

The cost of conducting a heap leach operation must be compared
carefully with conventional milling costs before any conclusion can be
reached that the heap leaching approach is preferable. By way of
illustration, if one considers a value of $8. 00 per pound of UzOg in a
finished product, the difference of 25% in recovery on an ore containing
0.10% Uz0g would be $4. 00 per ton.

In some US mills there is substantial milling capacity available in
excess of the current rate of ore processing, and incremental costs of
processing limited quantities of additional ore do not exceed $4. 00 per ton.
For ores containing 0. 10% UzOg or more haulage to a mill for processing
by conventional means is usually more profitable than heap leaching at
the mine.
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Upgrading plants

Six milling plants have been built in the United States which may be
considered to be primarily upgrading plants, or plants in which the larger
part of the ore feed is processed in an upgrading circuit., These upgrading
units have all been constructed near ore deposits for which the transpor-
tation costs to existing mills was high or even prohibitive, due either to
the long distances involved, or the low tenor of the ores.

It is difficult to find any definition of an upgrading plant which will
reasonably fit most of these plants. In general, one or more of the normal
ore processing steps have been omitted or shortened at some sacrifice
in recovery, product grade, or both. A minimum installation generally
includes equipment for crushing and grinding or scuffing the ore, followed
by separation of the sand and slimes. The sand is discarded, and the
slime fraction is shipped to a conventional mill. Such operations achieve
a rejection of one half to three fourths of the weight of the ore, at a
sacrifice in recovery of the order of 20 to 30% of the values. The losses
are principally due to the strong adherence of part of the slimes as a
coating on the sand particles, rather than values locked in the coarse sand
grains. It has proved worthwhile in most instances to acid wash the sands
before discarding them to improve uranium recovery. Fifty per cent or
more of the uranium in the sands may be recovered in this manner. The
acid solution is neutralized, and the resultant precipitate is thickened,
filtered and dried. Alternatively, where the attrition grinding is performed
wet, the acid leach liquor is sometimes returned to the grinding step. The
acidity is neutralized by the acid consuming constituents in the ore, and
the precipitated uranium reports with the slimes.

The product from these operations is a fine slime with a content
usually in the range of 0.2 to 0.8% U3Og. In the case of carnotite-type
ores, vanadium values are about three to five times as high as the uranium
content. The physical characteristics of these products would make them
difficult to handle at the conventional mill if it were not for the fact that
they can be blended with larger volumes of other ores being fed to process.
The upgraded product usually can be fed into the leach circuit at the main
mill, by-passing the crushing and grinding steps. At one plant the up-
graded product is pelletized with salt and fed to a salt roasting kiln to
convert the vanadium to a water soluble sodium vanadate. The roast also
greatly improves the handling properties of the ore thereafter.

Two of the upgrading plants which operated in the USA were nearly
complete ore processing plants, each producing a yellow cake. One of
the plants, however, lacked final product drying equipment, because the
company had adequate facilities for this operation at another plant.

The Maybell, Colorado, plant of Union Carbide Corp. [2] was unusual
in two unit operations, the ore grinding operation, and the ion exchange
step. Following the crushing operation the ore was stored in either of
two bins depending on whether it was high or low grade. The low grade
ore was ground in a rod mill. The slime fraction was thickened, and the
sand fraction acid washed and discarded. The thickened slime pulp was
fed to a leach circuit along with the higher grade ore. After the leach,
the sands and slimes were separated, the slimes again being thickened.
The slime underflow at about 20 to 25% solids was fed to the resin-in-pulp
circuit.
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The resin-in-pulp operation was the first commercial-scale appli-
cation of the Infilco-Techmanix unit which permitted a mixing of resin
and pulp in open tanks without confining the resin in baskets as was the
previous practice [3,4]. The resin was advanced from stage to stage
counter-current to the flow of pulp by means of air lifts and vibrating
screens. This system has a number of advantages over the basket
equipment in that it is more compact, less expensive to construct, requires-
less maintenance, and requires a lower resin inventory.

Western Nuclear, Inc., at its 'Spook Upgrader!' located in Couverse
County, Wyoming, has employed a simplified leach circuit to treat a
large orebody at an isolated location [1]. The average grade of the ore
is 0.13% U30g, with no other constituents in economically recoverable
concentrations. The crushed ore, 85% minus 3-in. size, is fed to an
agglomerator in which it is mixed with sufficient sulphuric acid to leach
the uranium and sufficient water to bring the moisture content to 12%.
The agglomerator is a rubber lined tube 20 m long by 23 m in diameter.
The agglomerated ore is bedded in tanks about 3 m deep. After a curing
period of about 14 h the thick bed of ore could be percolation leached.
Excellent recoveries, about 90%, were achieved in a total leach cycle
time of 72 h. The pregnant solutions were further processed in con-
ventional ion exchange columns, the eluate precipitated with ammonia,
and the product shipped as a wet slurry. The plant did not require either
thickening or filtration equipment, thus reducing its construction cost
compared with a conventional plant. The plant was built in the open, with
a roof over some equipment. Therefore it was not operated during cold
weather. The agglomeration step, which permitted rapid percolation of
leach solutions through a thick bed of ore is a useful technique which may
receive further attention in the future.

Uranium recovery from Florida phosphates

During the early 1950's the US Atomic Energy Commission entered
into several research contracts to develop methods for recovery of uranium
from phosphate rock. Although considerable effort was directed toward
.methods of leaching the uranium, no process could be found which would
selectively extract uranium from phosphate rock. Alkaline leach methods
were completely ineffective. Acid leaching resulted in the dissolution of
uranium in about the same proportion as the dissolution of the phosphate
rock. For this reason, the procedures for uranium recovery were all
based on by-product recovery from phosphoric acid, which is produced
by digestion of the rock with sulphuric acid at an intermediate stage in
the manufacture of high analysis fertilizers and other phosphate chemicals.

Much of the phosphate rock which is used for fertilizers is not
converted to acid; it is either directly applied to the soil or simply wet
with sulphuric acid and cured to produce superphosphate. The uranium
in these products is not presently recoverable. However, the technology
of production of phosphate fertilizers is undergoing a substantial change,
and is rapidly shifting toward the production of higher grade products.
Additionally, world fertilizer production, which from 1954 through 1962
grew at a rate of 5.5% annually, has in the last several years expanded
at a rate of over 10% [5]. It appears that a major upswing in the growth
trend has occurred. The consumption of phosphate rock in the US in 1956
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was about 11500 000 metric tons, of which about 2 000 000 tons was used

in manufacture of wet process phosphoric acid [6]. During 1965, about

8 million tons of phosphate rock containing an estimated 1200 tons of UzOg
was converted into wet process phosphoric acid. The production of
normal and enriched superphosphate now accounts for less than 40% of
output and is declining yearly. Ammonium phosphates are rapidly
increasing in production; output so far in fiscal year 1966 has increased
30% over 1965 and has almost reached the production level of triple super-
phosphates and other concentrated fertilizers [7].

The rapid expansion which has already taken place in the manufacture
of wet process phosphoric acid, together with projected further expansions,
indicate that there will be about 2000 tons of U3Og per year recoverable
from this source by 1970. Unless it is recovered during the manufacturing
operations, however, this uranium is lost. Thus our resources of uranium
in phosphate rock are being wasted at a steadily increasing rate. .

Three companies have operated by-product uranium recovery units for
extended periods in the US. The first commercial unit, that of Blockson
Chemical Company, Division of Olin Mathieson Chemical Corporation, in
Joliet, Illinois, commenced production in 1952 using a chemical precipi-
tation method [6]. The second by-product unit, that of International
Minerals and Chemical Corporation near Bartow, Florida, commenced
production early in 1955, and was the first to employ solvent
extraction [8]. The third unit, US Phosphoric Products Division,
Tennessee Corporation, in East Tampa, Florida, started up in 1957, also
employing a solvent extraction flowsheet [9]. Each of these plants has
been the subject of at least one published paper which gives a far more
detailed analysis of its process than is possible to do here. However,
some of the considerations that led to a particular choice of plant design,
or that limited the effectiveness of a unit operation, are not evident in
these papers, and it is in these areas that I will place my emphasis.

The Blockson plant was the only large-scale producer of technical
grade phosphate chemicals from wet process phosphoric acid. The plant
treated Florida pebble phosphate rock, delivered by barge up the
Mississippi River to Joliet, Illinois. Briefly, the method employed for
uranium recovery began with the partial neutralization of wet process
phosphoric acid to form mono-sodium phosphate at a pH of 4 to 5. The
bulk of the impurities were precipitated at this stage, and were filtered
off. They consisted largely of calcium, iron, and aluminium phosphates
and silicates. The addition of a strong oxidizing agent such as chlorine
to the acid prior to the neutralization step resulted in retention of about
80 to 90% of the uranium in solution. After filtration, the addition of
sodium hydrosulphite to the filtrate precipitated 90 to 95% of the uranium
as a gelatinous uranous phosphate. This product could be filtered off
after addition of a diatomaceous earth filter aid and was not difficult to
upgrade to a product containing 40 to 60% UgOg. Overall recovery was
60 to 70%.

All of Blockson' s phosphate rock was calcined as a pre-treatment to
eliminate organic constituents which could not be tolerated in many of
the end products. The calcination step was found to be detrimental to the
subsequent dissolution of the uranium in the acid treatment of the rock
and reduced the dissolution of uranium as much as 10 to 20%.
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There is no specific information on which to judge whether the organic
materials present in the rock would have interfered with subsequent
uranium recovery operations if the rock had not been calcined. The
question is of interest because of the large quantities of ammonium
phosphate fertilizers now being produced. In manufacture of these products
the wet process acid is neutralized to the mono or diammonium phosphate.
The Blockson method might be applicable to this process. This method,
although generally producing a lower uranium recovery than solvent
extraction, has considerable merit in such areas as simplicity of control,
cost of installation, and reagent requirements and consumption.

The International Minerals and Chemical Corporation built its by~
product unit for uranium recovery in connection with the construction of
the Bonnie Plant, a new plant for production of high grade phosphates,
near Bartow, Florida [8]. The uranium recovery unit was designed to
extract uranium from in-process phosphoric acid without neutralizing
the acid in order to minimize interference with the production of triple
superphosphate. The phosphate ion is in itself a strong complexing ion
for uranium. The phosphoric acid produced in the plant generally contained
24 to 30% PyOs and 0.1 to 0.2 g UgOg/litre. The acid was, of course,
saturated with calcium sulphate. Fluorine, iron, and aluminium were the
other principal contaminants, present in concentrations of 2 to 15 g/litre.

Ion exchange resins, anionic or cationic, were not effective
extractants of uranium from such solutions. Saturation resin loadings
were generally in the range of 0.1 to 0.2 g U3Og/litre of resin.

Of the many solvents which were tested, the alkyl pyrophosphate
esters proved to have the most favourable extraction coefficients. The
active solvent had to be made on the site from an aliphatic alcohol,
generally of 8 to 10 carbon atoms, and phosphorous pentoxide. These
'pyro' esters unfortunately are more or less chemically unstable, and
tend to hydrolyze to the 'ortho' esters fairly readily. The hydrolysis is
accelerated in the presence of strong acids, and by increased temperatures.
The uranium extraction coefficient of the active solvent also varies to a
substantial extent with change in temperature in the range of 80 to 130°F,
being substantially inferior at the higher temperatures. These solvent
properties were very important to the design and operating efficiency of
the plants.

In spite of prior pilot-plant experience, considerable difficulty was
encountered before commercial-scale uranium recovery units could be
made to operate consistently.

The basic steps of the process were essentially the following:

(1) Phosphoric acid cooling and clarification

(2) Reduction with scrap iron

(3) Solvent extraction

(4) Uranium re-extraction and precipitation

(5) Reagent preparation

(6) Product drying and packaging.

At the International Minerals plant, the crude phosphoric acid
delivered to the uranium units was at a temperature of 130 to 150°F. The
acid was cooled by air in cooling towers. After settling out the precipi-
tated gypsum resulting from evaporation in the cooling step, the acid was
percolated through reduction pits containing scrap iron to reduce the
uranium to the tetravalent state. These pits did not perform well. The
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stationary bed of scrap iron became passivated fairly rapidly by formation
of an adherent coating of an iron phosphate and gypsum. As noted in the
flowsheet given on page 376 of Ref. [10], the reduction pits were eventually
replaced by a rotary No. 316 stainless steel drum operated in the same
manner as a ball mill, The agitation provided in the mill kept the iron
surfaces clean and effectively reduced the emf of the acid. The desired
emf after reduction was 0.0 mV.

Of the several different types of equipment which were tried for
solvent extraction, only centrifuges proved satisfactory for separating
organic from aqueous phases. Due to the slowness of phase disengage-
ment, and the strong tendency of organic tars and/or waxes from the
phosphate rock, together with fine solid particles, to stabilize emulsions,
pulse columns proved to be totally ineffective for this solvent extraction
application. The mixer-settlers, which have been used with great success
in uranium recovery from conventional ores, also were found to be
unsuited to the task due to the severe emulsion problem. The centrifuges
which were successfully employed were the Sharples Nozljector centrifuge,
Models DH~256 and DH-3. The emulsion problem was never completely
solved, and even under the best of conditions the kerosine loss was about
one per cent of the volume of acid treated. The serious nature of the
emulsion problem was not fully appreciated in pilot operations, in part
because the emulsifying properties of the acid change fairly rapidly with
time. The emulsions tended to be stabilized by the continuing formation
of very fine solid particles in the acid, much of it gypsum, which collected
at the organic-aqueous interface. This problem is substantially lessened
if the phosphoric acid is allowed to stand for a few days before solvent
extraction. However, such a procedure is impracticable in a commercial
operation.

Nature of the solvent

The solvent employed at the International Minerals plant was produced
from 'decyl alcohol', a mixture of isomers of trimethyl heptanol. The
alcohol, mixed with about an equal volume of kerosine, was reacted with
P,05 in water-cooled jacketed tanks in which the temperature of the
exothermic reaction was kept below 155°F. The solvent inventory in the
plant was generally at a level which resulted in recycling the entire
inventory about every 24 hours. Under these conditions the loss of the
pyro ester through degradation and other causes was about one third of
the inventory per cycle. The rate of solvent degradation appeared to be
affected by time, temperature, and the type and concentration of the acids
with which it was contacted. There was no evident correlation of the rate
of solvent degradation and the amount of uranium extracted. It follows,
therefore, that in any plant design, an important consideration is to keep
the total solvent inventory to a minimum. After a period of recycling in
which sufficient fresh pyro ester was added each cycle to maintain its
coricentration at about 5% by volume, the concentration of the alkyl ortho
phosphoric acid reached 10% by volume, and the total phosphate content
of the organic phase was about three times the level in fresh solvent.
After 3 to 4 weeks standing, a sample of a newly prepared ester, which
had not been used in the plant, was found to contain about 80% pyro and
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20% ortho ester. Thus it is evident that the rate of decomposition is
greatly accelerated during contact with acid solutions.

A procedure was tried in which P3Os was added directly to barren
recycled solvent in order to react with the ortho ester and produce further
pyro ester from it. However, this procedure did not appear to be nearly
as effective or economical as the use of freshly made solvent.

In evaluating the performance of solvents it was the practice to
measure the extraction coefficient of each solvent as a basis for comparing
its uranium complexing power with that of other solvents. The extraction
coefficient is generally determined for a single stage as the ratio of
uranium concentration in the organic phase to the concentration in the
aqueous phase at equilibrium. In this system, however, substantial
differences in the extraction coefficient were found for a given solvent,
depending on the concentration of active solvent in the organic phase, even
though the concentration of the uranium in the organic phase was well
under its saturation capacity.

Better correlations were obtained when uranium concentrations in the
organic phase were first corrected to theoretical concentration in 100%
active solvent. Thus a concentration of 1 g/litre UsOg in an organic phase
containing 5% by volume of pyro ester would be converted to 20 g/litre
concentration in the 100% pyro ester. On this basis, the solvents which
proved workable on a commercial scale exhibited extraction coefficients
on the order of 400 to 800 or higher when freshly prepared. With repeated
cycling the extraction coefficient of a solvent will drop substantially from
its original value. In spite of their chemical instability the pyro esters
were preferred. The extraction coefficient of octyl pyro phosphoric acid
was 10 to 100 times higher than octyl ortho phosphoric acid. In practice
it was possible to obtain uranium concentrations of about 1 g/litre UsOg in
loaded solvent from a concentration of 0.15 to 0.22 g/litre in the feed
phosphoric acid using a solvent flow of approximately one-tenth of the acid
flow rate.

Solvent stripping

Removal of uranium from the loaded solvent was accomplished by a
single stage of stripping employing a 12% solution of HF or a mixed acid
containing 25% sulphuric acid and 12% HF. In the event, the pregnant
organic phase still carried some emulsion from the extraction step, a
carry-over of phosphoric acid into the strip solution could easily occur.
Since the efficiency of the single-stage stripping operation was dependent
upon the simultaneous re-extraction of the uranium and its precipitation
as uranium tetrafluoride, the maintenance of an adequate fluoride ion
concentration was essential. The rapid and accurate analysis for fluoride
ion in a mixture of hydrofluoric, sulphuric and phosphoric acids was
essential to the control of the precipitation step.

The separation of the precipitated uranium from the mixed solvent
and strip solution was performed in a single operation in a solid bowl
Tolhurst centrifuge which was adapted to permit the continuous separation
of the two liquid phases while the solid phase was accumulated. Periodic
shut-down was necessary for removal of the uranium.

The final product after drying was a crude uranium tetrafluoride

- generally containing 40 to 60% UzOg equivalent. This product was delivered
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to an AEC refinery for further processing. Although the product could
not be fed directly to the refinery circuit due to its fluoride content, it
could be fed along with recycled scrap materials into a multiple hearth
roaster where it was converted to an oxide.

The crude fluoride product would not meet the specifications in
general use at the present time, and an additional purification step will
undoubtedly be required for any future commercial installation. Further
work would be needed to establish a satisfactory procedure, but it should
not be difficult to do.

The solvent extraction process for recovery of uranium from wet-
process phosphoric acid has proven to be quite difficult to control. One
aspect that was not fully appreciated prior to cominercial operations was
the wide fluctuation in the uranium concentration in the phosphoric acid
feed to the plant. One would think that the concentrations of the uranium
and other minor constituents in the feed acid would remain at a fairly
consistent level; the phosphate rock from which it was produced had come
from several mining operations and had undergone desliming, spiral
separation and flotation upgrading operations followed by blending in
stockpiles. Nevertheless, variations of as much as 50% in the uranium.
concentration of the daily composite samples of the feed acid, e.g. 0.15
to 0.23 g UsOg/litre, were quite common. Variations in feed grades
during a day may have been still greater. Since the concentration of the
uranium in the feed acid was not subject to the control of the uranium
plant operator he was faced with two choices: .

(1) Operate for maximum solvent loading and achieve thereby
minimum reagent consumption at the risk of losing some recovery if the
uranium concentration in the feed rose rapidly and exceeded the uranium
absorption capacity of the solvent.

(2) Operate for maximum uranium recovery by purposely circulating
sufficient solvent to prevent saturation capacity from being reached.

The latter mode of operation proved the more economical because
the higher recovery achieved actually lowered the average reagent con-
sumption per pound recovered and greatly simplified the work of keeping
the various flows in balance. Each of the principal unit operations in the
process — acid cooling, clarification, reduction, solvent extraction,
stripping, and precipitation — is dependent on the efficiency of each of
the operations preceding it. The system is in a dynamic balance, the
organic solvent and aqueous stripping solutions recycling continuously.
Although it is a complex system to control, it has been done with a
reasonable degree of success.
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Abstract

RECOVERY OF URANIUM FROM URANIUM MINE WATERS AND COPPER ORE LEACHING SOLUTIONS.
Waters pumped from uranium mines in New Mexico are processed by ion exchange to recover uranium.
Production is approximately 200 1b U0, /d from waters containing 5 to 15 ppm U4O,. Recoveries range
from 80 to 90%. Processing plants are described.

Uranium has been found in the solutions resulting from the leaching of copper-bearing waste rock at
most of the major copper mines in western United States. These solutions, which are processed on a very
large scale for recovery of copper, contain 2 to 12 ppm UyO,. Currently, uranium is not being recovered,
but a potential production of up to 6000 1b U0, /d is indicated. Ion exchange and solvent extraction
research studies are described.

INTRODUCTION

In the United States, about 200 1b/d of low cost Uz Og is being re-
covered commercially by ion exchange processing of the natural drainage
waters from uranium mines. A much greater potential source of uranium
that remains to be exploited is the acid solutions that are recycled
through the mine dumps at open pit copper mines for the purpose of
recovering copper. A recent survey by the Bureau of Mines revealed
that 14 major mines are processing about 40000 US gal/min of dump
leaching solutions for recovery of copper and that these solutions
contain 1 to 12 ppm U3z Og. It is probable that similar solutions produced
at copper mines in other parts of the world also contain uranium, and
these solutions, therefore, represent a significant source of low cost
uranium. The purpose of this paper is to review for this Panel com-
merical practice in recovering uranium from uranium mine waters and
present the results of research by the Bureau of Mines in recovering
uranium from copper waste dump leaching solutions.

RECOVERY OF URANIUM FROM MINE WATERS

Since 1963, uranium has been recovered from the drainage waters
pumped from the uranium mines in the Ambrosia Lake District of
New Mexico. Production is about 200 1b U3sOsg/d from a total flow of
approximately 3000 gal/min. The uranium content of waters pumped from
the mines ranges from 2 to 20 ppm U3Og but averages less than 10 ppm,
and on the basis of the flow rate and production data, it appears that
the average recovery of Us Og is approximately 6 ppm.
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The two principal operations recovering uranium from mine waters
are Kerr-McGee Oil Industries and Homestake-Sapin Partners. Both
employ ion exchange systems in which ion exchange resins are contained
in two columns connected in series; the solution flow is up rather than
down as in conventional ion exchange columns. The reason for this type
of operation is that the solutions contain appreciable amounts of suspended
solids. With downflow operation, the compacted resin bed acts as a
filter and a high degree of clarification would be necessary to avoid
blockage of the resin bed during the long loading cycles. With upflow
operation, the resin bed is expanded and the suspended solids pass
through.

At both installations the columns are 8 ft in diameter by 14 ft high.
At Homestake, a single set of two columns is in operation, whereas
four sets of two columns are used at the Kerr-McGee plant. The top of
each column is fitted with a peripheral overflow launder to collect the
overflowing solutions, and the bottoms of the columns are fitted with
perforated plates to support the resin and to provide for uniform distri-
bution of the feed water. At the Homestake installation, mine water is
pumped from a small collecting sump through the first column and then
by another pump through the second column, the overflow from which is
discarded. At the Kerr-McGee installation, feed to the columns is by
gravity from an elevated storage tank and the pairs of columns are set at
different elevations so that the overflow from the first column passes by
gravity flow through the second column. At the Homestake mill, the
solution flow is approximately 5 gal/min per square foot of resin bed
area. The resin inventory is 400 ft% of minus 16- plus 20-mesh strong
base anion exchange resin per column and bed expansion is approximately
25%. This gives a working bed depth of about 10 ft. At the Kerr-McGee
plant, the same resin type is used. The resin inventory, however, is
only 150 £t3 per column, but the solution flow is 10 gal/min per square
foot of resin bed area. Bed expansion is estimated at 100%, which gives
a working depth of 6 ft.

At both installations, loaded resin containing 2 to 4 1b UgOg /ft3
(32 to 64 g/litre) is periodically removed from the lead column by
hydraulic transfer, and the partly loaded resin in the second column is
transferred to the lead column. The second column then is filled with
regenerated resin. The loaded resin is eluted in a conventional column
by downflow of a solution of sodium chloride and sodium bicarbonate.

At the Kerr-McGee installation, the entire mine water recovery plant is
located at the mill site, and the pregnant eluate is pumped to the main
processing mill. Initially the eluate was combined with a chloride
solution resulting from the stripping (backwashing) of the uranium-
bearing amine extractant in the regular mill circuit, and the combined
solutions were neutralized with ammonia to recover the uranium. More
recently, the uranium-bearing eluate has been introduced into the feed
liquor to the solvent extraction circuit to achieve further purification
and to simplify precipitation.

The Homestake uranjum mill is located 16 miles from the mine
water treatment plant and loaded resin is transported via tank truck
to the mill for elution or regeneration. The uranium-bearing eluate is
acidified with HC1 and heated to destroy carbonate and is neutralized
with sodium hydroxide to precipitate the uranium. This product then
is combined with normal uranium precipitate from the mill circuit and
dried.
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RECOVERY OF URANIUM FROM COPPER WASTE
DUMP LEACHING SOLUTIONS

In the United States, copper is obtained primarily from deposits
mined by open-pit mining techniques, and in the process of mining very
large tonnages of waste material mineralized with small amounts of
copper must be moved. This waste rock is piled near the mines and in the
the past 15 years copper recovered from these wastes by leaching and
cementation has become extremely important. For example, in 1964,
125000 tons of copper were recovered in this manner from solutions
containing an average of perhaps 1.5 g Cu/litre. From this it can be
calculated that leaching operations were conducted on a scale involving
the recovery of copper from 60 million gal/d, or 40000 gal/min. The
production of copper in this manner is even larger today, and within
a few years probably will exceed 200000 t/yr.

In 1965, the US Bureau of Mines made a survey of the copper leach
solutions at 14 large copper mines in the western United States. The
survey disclosed that these solutions contain 1 to 12 ppm of U30Og, with
an average of about 4 ppm, but six of the mines, whose solution flow
represented half of that sampled in the survey, had an average grade
of 10 ppm U30g. This is equivalent to 1600 1b U3 Og/d, and with the
completion of expanded leaching operations in the next few years, per-
haps as much as 6000 lb U3Og/d may be available from this source.

Laboratory investigations of uranium recovery have involved both
solvent extraction and ion exchange resin techniques on solutions obtained
from one of the major copper mining companies. The composition of the
solutions used was essentially as shown in Table I.

TABLE I. COPPER LEACH SOLUTION ANALYSIS (g/litre)

14 +++

Cu Fe Fe Al Mg SO4

0.01 0.01 7 0.3 6.5 8 10

Solvent extraction investigations

Laboratory studies were made to investigate the recovery of uranium
from copper leach solutions by solvent extraction. Two classes of
extractants were evaluated: (1) A straight chain tertiary amine (tricaprylyl
amine); and (2) a quaternary ammonium compound (tricaprylyl methyl
ammonium chloride). Both of these extractants are produced commercially
in the United States and are used for recovery of uranium and vanadium
from sulphuric acid solutions. It is common practice to employ these
extractants as 3 to 5% solutions with 3 to 5% of a long chain alcohol in
kerosine, but to minimize entrainment losses the mixed solvents were
made up with 2% amine, 1% isodecanol, and 97% kerosine. The capacity
of this solvent would be about 2 g U3Og/litre when processing uranium-
bearing solutions produced by acid leaching typical domestic uranium
ores,
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The only variable in solution composition over which control could
be exercised is the pH. Typically, this varies from about 3.5 after
copper cementation to 2.0 after acidification before recycling of the
copper barren solution to the leaching dumps. However, on the assumption
that only a portion of the total solution flow would be processed for
uranium recovery, acidification to an even lower pH would be possible
if this solution after uranium removal were combined with unacidified
solution. The effect of pH, therefore, was studied over the range 1.5 to
3.5. This was done by equilibrating a volume of the solvent with 20
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FIG.1, Effect of pH on extraction of uranium with tertiary and quaternary amines.

volumes of aqueous solution. The results are presented graphically

in Fig.1 and show that the quaternary amine works better in the pH range
2.3 to 3.5, whereas the tertiary amine is more effective at lower pH
values.

On the basis of these preliminary tests, extraction isotherms were
determined for the quaternary amine at pH 3.5 and for the tertiary amine
at pH 1.5, and these data together with McCabe-Thiele plots are pre-
sented in Figs 2and3, Figure 2 shows that when loading the quaternary
amine to only 0.3 g UgOg/litre, five extraction stages are required to
achieve 95% extraction. Figure 3 shows that the tertiary amine can be
loaded to 0.5 g UgOg/litre while achieving 95% extraction in three stages.
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On the basis of these preliminary tests, a small solvent extraction
circuit, composed of three interconnected mixers and settlers, was
assembled for continuous testing with the tertiary amine. The test
conditions were pH 1.5; aqueous flow, 110 ml/min; organic flow,

2.45 ml/min; total equivalent flow, 1 gal ft®?min™, The operating
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profile is shown in Fig. 4 and is in excellent agreement with the results
predicted from Fig. 3.

Stripping of the loaded solvent from the continuous extraction was
studied in batch stripping tests using sulphate, chloride, and nitrate
solutions. Although nitrate and chloride solutions are more effective,
sulphate solutions are preferred because these do not introduce extraneous
ions into the copper leaching system. The tertiary amine could not be
stripped with strong sulphuric acid but was readily stripped with a
1-molar sodium or ammonium sulphate solution at pH 4.5, from which
a specification-grade concentrate was obtained by simple neutralization.

Feed (g/litre) Loaded organic (g/litre)

"
\0.187
2 /
o.oow‘/ \0.055
~ \ -
o.ooos/ ™~ 0.00
Raffinate b Fresh organic

F1G. 4. Summary of continuous solvent extraction tests showing extraction of uranium from copper leach
solution with 2% tertiary amine.

Although the solvent extraction investigations demonstrated that it
is technically feasible to recover uranium from these low-grade solutions,
economic evaluations indicate that the use of ion exchange resin techniques
would be more economic. This is primarily because solvent losses alone
probably would amount to $1.08-1.26/1b U 404.

Ion exchange investigations

In recovering uranium by ion exchange resin techniques from copper-
waste dump leach solutions containing very small concentrations of
uranium, the cost of equipment and resin would account for a major
portion of the operating costs. Therefore, the ion exchange investigations
were directed primarily at the development of an ion exchange system
that will minimize these costs.

It was initially assumed that columns patterned after those employed
to recover uranium from mine waters in the Grants, New Mexico, area
could be used, but preliminary laboratory tests showed that sorption of
uranium from these solutions was very unfavourable and that flow rates
in excess of 5 gal/min per square foot of resin bed area in this type of
column were not practical. Consequently, an improved method of
contacting resins and solutions at high flow rates was sought.

In an ion exchange column operating with solution upflow, the resin
bed is expanded, and the volume of resin contained in a column varies
inversely with the solution flow rate. In addition, because of the ex~
pansion of the resin, vertical mixing of resin occurs within the column.
This mixing which becomes more pronounced as the solution flow rate



PL-198/4 233

rises, combines with the decreased resin inventory to impair the
capacity and efficiency at high flow rates. However, testing established
that if a column is baffled or otherwise constructed to limit vertical

mixing of the resin, the efficiency and capacity are considerably improved.
Further improvements in operation were obtained by periodically with~
drawing loaded or partly loaded resin from the bottom of the column and
adding fresh resin at the top, thereby achieving a countercurrent movement
of solution and resin. Accordingly, laboratory columns 0.5 in. in
~diameter by 8 ft high and 2 in. in diameter by 18 ft high, and operating

on these principles, were constructed and tested. Details of the design

Effluent, U3Og Resin, U3Os
(g/litre) (g/Nitre)
Stoge
3/23/66 3/23/66
0.0004 0.

M\

:

AVAVATAYAYAVAY,

°
3

o
8
3
e
8

w

I

N
&

0.0013

S

0.0020

(5]

o
g
o
>
8

VAR

™

/

0.0087

FIG. 5. Uranium profiles from 2-in. countercurrent ion exchange column tests.

of the arrangement to limit axial mixing of the resin cannot be disclosed
at this time because patents on the design are being sought. The
Government's purpose in obtaining patent protection is to ensure that all
who are interested in utilizing a column of this type can do so without
paying royalties.

Figure 5 shows an operating profile for an eight-stage, 2-in. diameter
by 18-ft high column. These data were obtained when operating at a flow
rate of 10 gal/min, per square foot of resin bed area at resin loadings
of 13.1 g U3Og/litre. This is 82% of the maximum loading obtainable
with this solution. The resin inventory in the column was 5 litres, and
during operation 133 ml of fresh resin were added at the top of the
column and 133 ml of loaded resin withdrawn at the bottom at 4-h intervals.
Under these conditions at least 87% of the uranium was recovered. This
compares with a resin loading of only 9.6 g UzOg/litre of resin, or 60%
of the maximum possible loading, and a recovery of 95% when operating
an unbaffled column at only 5 gal/min per square foot of resin bed area.
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Because of the success experienced with the 2-in-diameter column,

a 14-in. diameter by 32-ft high, eight-section column is being constructed
and will be tested at a copper mine during this summer. Prototype
sections of this larger column have been tested and shown to be more
efficient than the smaller diameter column. This is attributed to a
reduction in wall effect, which decreases the bed expansion and allows
use of more resin in proportion to the solution flow rate.

These new ion exchange resin contactors have also proven to be
exceptionally efficient when used to recover uranium from solutions or
slurries derived by acid leaching uranium ores. When in the future
uranium must be produced from low-grade ores, these significantly
more efficient ion exchange contactors may bring about important savings
in plant construction and operating costs.
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REPORT OF THE CHAIRMAN

AP. ZEFIROV

The first panel to be convened on the processing of low-grade
uranium ores was very timely, as is proved by the great interest shown
by many States Members of the IAEA. The discussions were conducted
on a high scientific and technical level and leading experts in this field
were represented. Twenty-two representatives from fifteen countries
took part in the work of the Panel.

All participants in the Panel reported on the state of affairs in their
own country in the field of scientific research, experimental work and
industrial practice in the processing of low-grade uranium ores. At the
same time, the speakers suggested further promising lines of research
and also noted the most pressing problems connected with the introduction
of low-grade and marginal uranium ores into industrial practice by.using
more economic methods of processing.

Apart from the general reports, twelve technical reports were heard
and discussed, in which attention was mainly concentrated on questions
relating to the most effective processing techniques for various types of
refractory and complex uranium ores. The exchange of information
showed that in most countries engaged in research a high scientific level
has been attained and modern engineering and technical facilities are
employed.

On the basis of its general analysis the Panel considered it possible
not only to give an account of the work being carried out, but also to make
recommendations and select the most pressing problems for the immediate
future.

In the course of the discussions the participants discussed from all
angles the results that had been obtained in industrial practice and
scientific research in regard to the various technological processes. The
Panel also emphasized that a study of the nature of the raw material is
of special importance since the technological methods to be employed may
depend on its mineralogical composition.

Uranium ores are divided into various types, depending on their
composition. In this connection the panel considers it desirable to
evaluate them from the technical and economic points of view, depending
on the nature of the mineralization and consequently the type of ore being
dealt with.

The Panel drew attention to the necessity of further developing the
most economic methods of preconcentration, in particular of crushing and
grinding. Such technical improvements as the running together of all the
stages of crushing into one stage, grinding other than in ball-mills, etc.
have made possible considerable economies in many countries.

Preconcentration is of very great and sometimes even crucial
importance in the processing of low-grade and marginal ores, especially
when they contain various different useful minerals. In most countries a
great deal of very interesting scientific research has recently been
carried out on this problem. Many different concentration techniques
are already employed in industrial practice and have a considerable effect
on the economics of uranium production.
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In the processing of low~-grade and marginal uranium ‘ores the
processes of radiometric sorting play an exceptionally important part
since they permit the separation of a considerable quantity of gangue and
yield a richer product for subsequent concentration and hydrometallurgical
processes. :

Radiometric sorting is a new process worked out by the scientists of
various countries in connection with research into problems of uranium
ore processing. It has become widespread at present and is successfully
employed in four countries. Radiometric sorting is a very effective and
important method of beneficiating low-grade uranium ores. Being a new
process, it offers considerable possibilities of further improvement and
development, both as to the process itself and as to the design of the
radiometric apparatus. Depending on the composition of the ore and
other factors, radiometric concentration is used either as the only concen-
tration process, or in combination with other such processes.

In the Panel's view, scientists and engineers alike should devote
special attention to further study of this very promising process.

Gravity concentration has been employed in the processing of low-
grade uranium ores mainly to separate the ore into various fractions of
different mineral composition, which are then separately processed by
hydrometallurgical methods. New types of equipment for gravity
separation are now in widespread use: they include hydrocyclones,
centrifuges, jigging machines and other apparatus.

Unfortunately, of the basic preconcentration processes flotation has
not yet proved effective as a means of concentrating uranium minerals
as such. The work done in this respect has not yet borne fruit and this
process is at present used only as an auxiliary technique. However, many
practical examples point to the usefulness of flotation for other purposes,
such as the separation of ores or radiometric and gravitational concen-
trates into different mineralogical fractions — sulphide, carbonate and
silicate. The resulting economy ‘in the use of chemicals and other
materials in this case more than repays the expenditure in arranging for
separate hydrometallurgical treatment of the flotation products.

The Panel considered it important to carry out further fundamental
research on the flotation of uranium minerals and to study the possibility
of employing this technique with a view to the more economic processing
of low-grade uranium ores.

Thus from its discussion of the processing of low-grade uranium
ores the Panel concluded that work on the study and introduction of concen-
tration processes should be continued, and recommends that every effort
should be made to develop research in the following fields: study of the
mineralogical composition of low-grade ores and their industrial classifi-
cation; further improvement of the preconcentration processes, in
particular crushing, grinding and the disintegration of clay materials;
and further study and development of the techniques of radiometric sorting
and gravity and flotation concentration.

The Panel considers it would be extremely useful to organize, as
soon as possible, a meeting of scientists and specialists in radiometric
sorting to discuss progress in the various countries and future plans in
this field.

The Panel notes that leaching is the basic operation in the processing
of uranium ores and has a considerable influence on the technological
and economic aspects of the whole process of uranium extraction.
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The choice of a leaching method is determined by the composition of
the ore. Acid leaching is the commonest at present since it is the most
economic and gives a high extraction of uranium. Alkaline leaching is
employed only for high-carbonate ores since it is usually dearer and gives
a slightly lower extraction of uranium. The process of alkaline leaching
has become commoner recently due to refinements in the process.

A basic improvement in acid leaching was the working out of the
process of selective leaching of uranium from low-grade ores at controlled
values of pH and oxidation-reduction potential without heating of the pulp
or with only slight heating. This gives a sufficiently high extraction of
uranium and low consumption of reagents, and solutions free from im-
purities are obtained, improving the performance of the subsequent
processes of sorption and extraction. The effectiveness of leaching at
the high acidity and temperature levels used for refractory ores is being
increased thanks to more economic use of reagents and wide use of
automatic control for maintaining the optimum parameters for the process.

The cost of acid is often a decisive economic factor in acid leaching.
It can be reduced by the production of acid in situ and also by producing
it directly in the leaching process (autoclave leaching, heap leaching,
bacterial leaching).

A series of methods of reducing the cost of carbonate leaching
processes has been suggested: the use of oxygen in pachuca and autoclave
leaching, flotation of reagent-consuming minerals and the introduction of
additional heat utilization equipment. For further improvement of the
processes, fundamental research must be carried out on the solubility
of uranium and gangue minerals in alkaline and acid solutions.

The reports read testify to the increased interest in the processing
of low-grade ores and products from preconcentration of ore by the
employment of special methods. Ores can be processed by the heap and
percolation leaching methods, using solutions of sulphuric acid or sodium
carbonate. In heap leaching favourable conditions for bacterial leaching
may be established.

The leaching of broken ore, below cut-off grade, in underground
stopes, and also the leaching of permeable deposits, presents great
interest. Such deposits are leached in situ by the introduction of the
solution to the bed under pressure, and the uranium-bearing solution is
pumped out through specially drilled holes. Distribution of information
regarding these methods and further development of research work will
allow more economic processing of low-grade ores.

Many low-grade ores at present being considered as possible sources
of uranium (shales, phosphates, lignites etc.) contain constituents of
- possible commercial value. Some of these ores can only be treated on
the basis of the recovery of two or more products; by-product operations
are therefore of considerable importance and should receive attention
in the development of further research programmes.

Development and introduction of sorption and extraction methods for
recovery of uranium from solutions and pulps has made possible basic
improvements in uranium ore processing technology.

The ion-exchange method for the recovery of uranium from clear
solutions and dilute ore pulps has been developed to a high degree of
efficiency. Further research should be carried out on ion-exchange
recovery of uranium from dense pulps and special attention should be
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devoted to the development of resins with high physical and sorption
properties and also of resins which can selectively extract the valuable
constituents accompanying the uranium.

The methods of uranium recovery by a solvent from clear solutions
have been brought to a fairly high level of development, and these methods
have been used commercially for several years. Although in certain
countries equipment for solvent-in-pulp extraction has been developed,
further work is necessary before this method can be applied commercially.

For the extraction of the valuable constituents accompanying the
uranium, solvents with heightened selectivity properties for various
elements must be developed.

It is also important to develop more physically stable solvents, in
particular to improve the economics of recovery of uranium from
phosphates — a large potential source of uranium production.

The Panel made a number of recommendations in addition to those
outlined above. Full details of these are given in the following summary
of discussions.



SUMMARY OF DISCUSSIONS
AND RECOMMENDATIONS

PRECONCENTRATION

In summarizing the information presented to the Panel on preconcen-
tration of low-grade ores, it is necessary to point out that preconcen-
tration techniques depend to a large extent on the nature of the mineral-
ization concerned. The Panel therefore expressed the view that it would
be worthwhile for the Agency to collect and disseminate information on
the relative importance of the different ore types for which various
preconcentration techniques have proved successful. Appropriate sub-
divisions would include lignite and other organic-rich ores, sandstone
ores, hydrothermal ores, placer ores, refractory ores, pegmatitic
ores, etc.

Having regard, then, to the need for more data on the types of
resources available throughout the world, the Panel made the following
comments and recommendations regarding various possible methods of
preconcentration.

Crushing and grinding should always be given careful attention,
particularly where it is proposed to either discard, or leach without
further treatment, the whole of one or more of the size fractions produced.
Crushing and grinding are most important where radiometric sorting or
gravity separation are used because of the limitations on the particle
sizes which may be treated by these methods. Initial comminution is
also critical where it is proposed to carry out heap leaching. Further,
certain low-grade sandstone ores in which the uranium occurs only in
the inter-granular material may be upgraded successfully by a 'scuffing'
type grinding operation followed by sand-slime separation, the sand
fraction being discarded.

Although gravity separation has not been found widely applicable to
date in the treatment of uranium ores, heavy medium separation has been
used in several countries for particular ores. Gravity methods show
promise in certain applications, amongst which might be mentioned
particularly, treatment of pegmatite-type minerals.

Recent developments in the use of hydrocyclones and centrifuges for
ore dressing are promising and should be pursued, with particular
emphasis on their use for concentrating low-grade uranium ores.

- Magnetic separation has not to date proved of use in the treatment
of uranium ores, but the possibility of using it for selected ores in the
future should not be overlooked.

Flotation has been used successfully in a number of countries to
separate the ore into carbonate-rich and silica-rich fractions for separate
treatment by alkaline and acid leaching. Flotation has also been
successfully employed to remove the sulphides so as to reduce reagent
consumption, particularly during alkaline leaching, and to recover
by-product metals. Flotation is thus recommended as a possible treat-
ment method in all cases where the characteristics of the gangue minerals
create difficulties in subsequent dissolution operations. The Agency
should collect and disseminate information on advances in flotation
practices as applied to uranium-bearing ores.

241
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Radiometric sorting is a very useful and important method for
preconcentration of uranium ores. It has been used successfully in four
countries, but further development of the method would appear possible.
The Agency is seen as having an important role to play in this further
development, perhaps by the organization of a study-group type meeting
of specialists in the field. It is considered important that the radiometric
method be given close attention in relation to processing of ores in the
lower grade ranges. .

Roasting is a preconcentration method which is well -known, but not
usually applicable to uranium ores except those containing a significant
proportion of volatile constituents or clay materials.

Recommendation

The Agency should
(a) Collect and disseminate information on preconcentration of low-
grade uranium ores, particularly in respect to
(i) relative importance of different ore types for which various processing
"techniques have proved successful;

(ii) gravity separation methods;

(iii) flotation methods;

(iv) radiometric sorting; and

(v) methods applicable for separation of organic and clay materials
from ores.

(b) Consider the organization of a study-group type meeting to discuss
developments in radiometric sorting if this is recommended by the
Standing Committee which is proposed in the general recommendations of
the Panel.

SOLUBILIZATION OF URANIUM FROM ORES

Leaching of low-grade ores, waste dumps and products from pre-
concentration of ore by spraying and percolation is being widely used in
many countries; fresh or recirculated water with or without special
attention to conditions favourable for bacterial leaching is being employed.
In other cases, the ore piles are sprayed with weak sulphuric acid or
solutions of sodium carbonate. Bacterial leaching in the presence of
sulphide minerals appears to be very promising. Underground leaching
of uranium minerals is expected to be economically advantageous because
of the elimination of many steps that occur in conventional treatment
processes. :

Leaching of broken ore, below cut-off grade, in specially prepared
underground stopes and leaching of permeable deposits in situ by intro-
duction of the leach solutions under pressure and collection of the pregnant
solutions through suitably placed drill holes are being rapidly developed.

Distribution of information regarding these methods and further
development work should be encouraged, as lower grade ores can be
treated and marginal methods of preconcentration can become economical.

Conventional sulphuric acid leaching at controlled pH, or more
intense leaching in stronger acid for dissolution of Brannerite and similar
minerals, has become more efficient through more economical use of
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reagents and heat and better equipment; also by increased use of auto-
matic control to maintain optimum process conditions.

The cost of acid — a major constituent of processing costs — can be
reduced by production in situ; for instance, by autoclave leaching of
sulphide ores, by formation of acid sulphides by heap leaching, or
bacterial action. Acid can also be produced efficiently by auto-oxidation
of SOq.

Alkaline leaching has been advanced by means of such cost-saving
features as: the use of oxygen in pachuca leaching; steam stripping;
flotation of reagent consuming minerals; and additional heat-saving
equipment, Likewise, pressure leaching techniques have been developed
to improve the efficiency, especially for more refractory ores.

Nevertheless, more fundamental research work is required on the
mechanism of uranium solubilization and on the solution of gangue minerals
in sodium carbonate and acid systems. Acid cure leaching has been shown
to be, in some cases, the best method for treatment of very slimey ores,
particularly those containing clay minerals which strongly absorb uranium.

The research and development work on new economical processes for
recovery of uranium from shales, clays, lignites and phosphates should
be augmented because of the extensive reserves of these materials in
many countries.

Uranium recovery by ion exchange resin during the actual leaching
stage is an interesting development, which warrants further work. Acid
leaching during autogenous milling has shown promise in large-scale
tests and is of interest for refractory ore treatment.

The attack of uranium ores by chlorination procedures has been
mentioned briefly during the discussion. The ability of halogens to attack
uranium minerals and the properties of uranium halides suggest that the
halogen processes should receive more attention in the future, particularly
as regards regeneration of reagents.

Uranium is sometimes present in solutions obtained by processing
for extraction of other elements. The possibility that leaching conditions
for recovery of other elements may be modified to increase extraction of
uranium should not be overlooked.

The necessity of controlling radiological as well as chemical contami-
nants in the effluent from uranium leaching plants was also mentioned
during the discussions.

Recommendation

The Panel recommends that the Agency

(a) Keep the extraction metallurgy of uranium under constant review
to take into account theoretical and technological developments;

(b) Promote the exchange and spread of information, particularly on
.bacterial, underground and other promising methods of leaching; and

(c) Support fundamental research in solubilization of uranium from
ores and award research contracts to appropriate laboratories.

RECOVERY OF URANIUM FROM SOLUTIONS AND SLURRIES

Ion exchange methods for recovering uranium from clear solutions,
and from dilute ore pulps, have been developed to a high degree of
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efficiency. While some further improvements may be possible, the scope
for such improvements is limited. However, the Panel considered that
further work on ion exchange recovery at high pulp density should be
undertaken, with particular emphasis on the development of resins with
better physical and sorption properties.

While solvent extraction from clear solutions has been highly de-
veloped and has been in commercial use for a number of years, one
troublesome feature of the process is the high toxicity of the effluents
from such plants. The presence of amine type solvents in these effluents,
even in trace quantities, is undesirable and efforts should be made to
develop methods for removal of these materials from the waste solutions,
or for treating them to eliminate their objectionable characteristics.

Although equipment for solvent-in-pulp extraction has been under
development in several countries, further work is needed before the
process can be applied on a commercial scale. Panel members felt that
the Agency should encourage exchange of information on the most
promising solvent-in-pulp methods.

The development of improved solvents with more selectivity for
various elements is important. In particular, to improve the economics
of recovery of uranium from phosphates — a large potential source of
production — a more physically stable solvent should be developed.

Production of nuclear-pure products in uranium-ore processing
plants is becoming increasingly important, mainly because of the resultant
saving in production costs. The Panel members felt that the Agency
should encourage the exchange of information and experience in this area
and that it should consider establishing chemical and physical standards
for various refined uranium products.

Promising sources of significant uranium production are mine waters
and leached waste-dump solutions with very low concentration of uranium.
Suitable extraction methods for recovery of uranium from such sources
are currently being investigated. The Panel considered this area worthy
of further effort.

The precipitation of uranium from carbonate solutions is receiving
attention and some fundamental work in this field would seem well worth-
while. Precipitation of uranium from mine waters with lime, as practised
in one country, would appear a useful method where a suitable ion exchange
plant does not exist. However, it was felt that the method could well
benefit from further work on several technical aspects, including work on
the problem of flocculents.

Many low-grade ores at present being examined as possible sources
of uranium contain other constituents of possible commercial value. In
fact, some of these sources may be practical to treat only on the basis
of the recovery of two or more products. By-product operations are,
therefore, of considerable importance and should receive careful attention
in the development of further research programmes.

Recommendations

The Agency should closely follow progress in various aspects of
uranium ore processing and stimulate efforts in this field by: setting up
a system for accumulation and dissemination of information; awarding
research contracts; holding special meetings; etc.
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Special emphasis should be given to ion exchange recovery at high
pulp density; solvent-in-pulp extraction; recovery of uranium from
phosphates, shales, clays and lignites; recovery of uranium and other
valuable constituents from polymetallic ores; and the instrumentation
and automation of uranium extraction metallurgy processes.

The Agency should consider the question of specification standards
for nuclear-grade uranium products.

GENERAL RECOMMENDATIONS OF THE PANEL

The Panel recommends that the Agency encourage a continuing
exchange of information among its Member States on the subject of the
extraction metallurgy of uranium in general and on methods of treating
low-grade ores in particular; and that the Agency should encourage
research in the extraction metallurgy of uranium as a means of ensuring
that supplies of uranium at reasonable cost will always be available to
support expanding nuclear -power programmes,

As a means of achieving the objectives stated above, the Panel
recommends that a Standing Committee composed of experts from Member
States and Agency staff be appointed to advise and assist the Agency with
respect to:

1. A review of world uranium resources concerning type, grade and
amount which might be carried out in co-operation with other international
organizations active in this field such as ENEA. To collect and
disseminate information on the relative importance of the different ore
types for which appropriate methods of treatment have proved successful.

2. Collecting and disseminating information on specification standards
for uranium products with a view to the particular application or process
in which the product is to be used, or the limitations of the manufacturing
process employed.

3. A periodical review of progress in uranium ore processing
technology to be followed by a suggestion for possible international collabo-
ration in research and development.

4. The setting up of a system to accumulate and disseminate through
the Agency available information concerning processing of uranium ores.

5. The promotion of fundamental research relating to specific
aspects of the extraction metallurgy of uranium.

6. The arrangement of exchange visits among Member States of
scientists and engineers.

7. The arranging at appropriate times of conferences, symposia,
panel meetings and study groups to consider and discuss various aspects
of the extraction metallurgy of uranium.
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