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technologies during and after uranium mining
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Abstract. DIAMO, state owned enterprise, has a wide experience in uranium mining with the use of classical
deep mining, acid in situ leaching and uranium ore processing. The sandstone deposits in Straz block have been
exploited since 1968. Geological and hydrogeological conditions of the deposits and the short distance between
the deep mine and ISL wellfields requires pumping huge amounts of fresh and/or acid mine water, their treatment
and subsequent discharge into streams. DIAMO developed and applied several technologies for different types of
wastewater treatment from the start of mining. Practically all of these technologies are used in the current phase
of uranium deposit restoration after mining. It is possible to apply these technologies both in the production
phase and during the restoration of underground water. In some cases, it is very desirable to combine two or
several of them.

1. INTRODUCTION

Since the late 60s, the DIAMO Uranium Mines in Czech Republic has used the in situ leaching (ISL)
method along with traditional underground mining. Uranium deposits in the Straz block are found in
Cretaceous sediments. Sediment layers consist mostly of sandstone and are located in two aquifers,
which have separate geological and hydrogeological conditions. The uranium mineralization occurs in
the bottom of the lower Cenomanian aquifer. The upper Turonian formation is a very important
source of drinking water.

The operation of both mining technologies within a relatively small area requires pumping huge
amounts of underground water, which contain certain impurities. It is necessary to clean this water
before discharge to the river. The main types of water that require appropriate treatment technologies
are the following:

— Neutral mine water that is pumped from the deep mine area, partly from a system of wells and
partly from the mine drainage system. It contains radioactive elements and solid particles;

— Weakly acid water from ISL horizontal dispersion that is pumped from the mine drainage
system. It is diluted leaching solution, containing sulphuric acid and products of the leaching
process;

— Weakly acid water from ISL vertical dispersion that is pumped from contaminated parts of the
Turonian aquifer. Its composition is very similar to the previous type;

— Technological water collected from the mill tailings pond. This water is the product of
carbonate leaching of ores in the milling plant. The excess water is treated and discharged.

Strong acid solutions from ISL wellfields are the product of ISL operations. Cleaning these solutions
is the most critical current problem. These very contaminated solutions can be treated only by a
combination of treatment technologies.

2. NEUTRAL MINE WATER PUMPED FROM THE DEEP MINE AREA

The treatment technology for this water consists of sedimentation, flocculation, clarifying, filtration,
ion exchange and sludge processing. The sludge from sedimentation and clarifying is thickened and
deposited. The clear water is discharged into a stream.
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The Central Decontamination Station (CDS) facility consists of two parallel lines. One of them
includes an ion exchange operation for uranium separation. Treatment in the present CDS station is
the final step in the mine water treatment process.

Water from the collection pipelines, is brought into two input rooms. The steam is then divided
according to the uranium content in water. Another important criterion is the content of total
dissolved solids (TDS). Barium chloride is added to both steams to separate the Ra from water.
Radium co-precipitate into the crystal lattice of barium sulphate to form Ba(Ra)SC>4.

Ba2+ + (Ra) + SO4
2~ = Ba(Ra)SO4

2.1. Accumulation and sedimentation

Maintaining a stable input to both treatment lines is the main aim of accumulation. Blending the
streams also makes the quality more uniform. The highest amount of non-dissolved solids is separated
during the accumulation because of very slow flow in the accumulation ponds. Five concrete ponds,
which can be connected in different ways, are used for accumulation and sedimentation.

2.2. Flocculation

Fine colloidal particles, which do not separate by gravity in the sedimentation ponds must be
coagulated processed before the next sedimentation. Hydrolysis of ferric sulphate Fe2(SO4)3 gives
ferric hydroxide:

Fe3+ + 3 H2O = Fe(OH)3 + 3 H*

This hydroxide is insoluble and its precipitate has a positive charge. The fine colloidal particles with
negative charge are adsorbed on its surface and bigger particles form. The level of coagulation
depends on many factors; pH is one of them and it is also important for separation of heavy metals
(Zn, Ni, Mn). These metals are separated in the form of hydroxides, carbonates and complex
compounds. The pH is adjusted by the addition of Ca(OH)2 before flocculation. Flocculation is
carried out in cylindrical flocculation, tanks, which are divided by horizontal partitions with a stirrer
in every section. Two parallel flocculation tanks are installed in every line and the number in use
depends on the amount of water being treated.

2.3. Clarifying

Water from flocculation chambers enters the clarifiers. They provide continuous separation of
suspended particles from water using principle of a floating sludge cloud. The floating sludge cloud is
maintained by special built-in ring sludge tanks located on the inner circumference of the clarifier.
Organic flocculent is added to improve clarification. Chain molecules of this flocculent absorb
particles and create agglomerates. The clarifying process is accomplished by three clarifiers (1000 m3

each) in every line. The number of clarifiers on stream depends on the amount of processed water.
The piston rising rate in clarifiers must be less than 1.23 mm-s"1.

2.4. Filtration

Water from the clarifiers contains a small amount of solid particles that are separated on sand filters.
The set of filters consists of 12 DDF filters (diameter 5000 mm), which are grouped into four sections
with three filters each. Every section is able to work separately for both types of water.

326



2.5. Ion exchange station

The line processing water containing higher uranium content includes an ion exchange station
operation. The ion exchange cycle incorporate the following operations: sorption — anion resin
washing before elution — elution — anion resin washing after elution.

Uranium in the mine water is present as a complex anion form ([UO2(SO4)2]
2~, [UO2(CO3)2]

2~).
Therefore, it is absorbed by on strongly basic anion resin AMP. This operation is carried out in fixed
bed columns with resin volumes of 9 m\ The CW space velocity is 30 m3-m"3 per hour. The sorption
cycle time in every column is limited by sorption capacity, which depends on average uranium
content in the water. The eluting agent is a solution containing 100 kg-m~3 NaCl and 10 kg-m~3

Na2CO3. The eluate is precipitated by NaOH. The Na2U2O7 product is processed in the ISL chemical
station.

2.6. Sludge processing

The sludge from sedimentation ponds and clarifiers is thickened in settling tanks and then fed to a
filter press. The cake is deposited and filtrate is returned into the technological process.

2.7. Technical parameters

The output of each CDS line is 25 m3-min~1 of treated water. At present the feed rate is about
20 m^mkf1, and the average content of the main contaminants in feed is as follows:

TDS SO4
2" NH4

+ U Ra
[g-m-3] [kBq-m-3]

Type 1 600 370 2.0 1.6 27
Type 2 150 27 0.25 0.005 10

3. WEAK ACID WATER FROM ISL HORIZONTAL DISPERSION

This type of water is treated by neutralization with lime. The solid phase is thickened and deposited.
The liquid phase is discharged after minimal additional treatment or is further treated in the CDS
system. The main contaminants are uranium, radium, ammonia, heavy metals (Ni, Zn, Mn) and free
sulphuric acid. The treatment of this type of acid water is based on neutralization by lime.

The sorption of uranium is carried out before the lime treatment. Subsequent technological operations
ensure the elimination of ammonia, the precipitation of Ra and the separation of heavy metals in the
form of insoluble precipitates.

The technology uses the following sequential operations:

(a) Neutralization and sedimentation
(b) Chlorination, separation of chlorine remains
(c) Sludge filtration

3.1. Neutralization and sedimentation

Neutralization is performed in two steps. Milk of lime is added to raise the pH to 6-7 in the first step.
At the same time Ra is precipitated using BaCl2 to form insoluble Ba(Ra)SO4. Next additional lime is
added to raise the pH = 11.5-12.0. The control of this operation has the main influence on the quality
of following sedimentation and also on the filtration characteristics of the sludge. The precipitation
conditions also determine the degree of heavy metals (Al, Fe, Zn, Mn, Ni) removal. The mixture of
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sludge and water is separated in sedimentation tanks. A flocculent is added to improve sedimentation.
The clear solution from both steps is pumped into a collection tank before chlorination.

3.2. Chlorination, separation of chlorine remains

Reaction of ammonia ion oxidation into gaseous nitrogen is described by the following equation:

3 Cl2 + 2 NH4
+ + 8 OHT = N2 + 6 Cl" + 8 H2O

The basic condition for complete oxidation of the ammonium ions requires at least a stoichiometric
ratio of chlorine and hydroxyl ions to the ammonium ions in solution. If this ratio is not fulfilled, the
reaction does not go to completion and the resulting solution is a mixture of input and reaction agents.
Resulting chloramines pass reversibly into NH4~ ions and these ions cannot be technologically
removed. Therefore an over-stoichiometric amount of Cl2 (1.05-1.10) is added. The resulting
hypochlorite is removed without greater technological problems using a dechlorination agent such as
Na2SO3.

3 Cl2 + OH" = 3 CIO" + 3 Cl" + 3 H2O

Chlorination is carried out by adding gaseous chlorine into the throughflow reactor. In view of the
fact, that the outgoing mine water flow contains TDS, SO4

2~, Cl", Ra contaminants and suspended
solids, it is combined with neutral mine water for final treatment.

3.3. Sludge filtration

Sludge from sedimentation tanks is fed to a filter press and the cake (cca 30% of solids) is transported
to the Straz mill plant tailings pond.

3.4. Technical parameters

The capacity of NDS is 6 m3-min~1 of treated water with content of TDS up to 10 000 g-m~3. At
present it is working with a feed rate of 2.5 m3-mkf' and the average content of main contaminants in
feed is as follows:

TDS

5350

SO4
2"

[g-m"

3400

NH4
+

3]

75

U

0.2

Ra
[kBq-nf3]

28

4. WEAK ACID WATER FROM ISL VERTICAL DISPERSION

Membrane electrolysis technology with reversation (EDR) is applied for the treatment of this
solution. The diluate is discharged and the concentrate can be treated together with the strong acid
solutions or the weakly acid solutions from ISL horizontal dispersion. The process can be divided into
three steps:

(1) water pre-treatment
(2) electrodialysis with reversation
(3) diluate final cleaning
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4.1. Water pre-treatment

The membrane technologies require complete separation of all solid particles from the feed. These
particles can lead to a significant decrease of membrane function. The removal of solids is achieved
by filtration on double-layer pressure filters and after that by filtration on cartridge filters.

4.2. Electrodialysis with reversation

The apparatus consists of sequential anionic and cationic membranes mounted in a frame between the
electrodes. Several individual cells are connected to form two units. These units work in series with
counter-current flow. The electrode polarity changes automatically after 15-30 minutes.
Simultaneously, the input and output valves also switch. The change of individual chamber function
results from this reversation. The main advantages of this system are as follows:

— minimizing of precipitate formation on the membrane surface,
— self-cleaning of the electrodes with the help of acid, which is produced during anodic

operation.

4.3. Diluate final cleaning

The diluate from EDR is neutralized by addition of a 20% NaOH solution. It is then pumped into
multi-plate settlers to separate the precipitated ferric and aluminium hydroxides. The thickened solids
are filtrated on a filter press and deposited. The clean diluate is discharged into a stream.

4.4. Technical parameters

The capacity of EDR circuit is 2 m3-min~1 of treated water with TDS contents up to 3000 g-m~3 and a
concentration factor CF = 4.0. At present 1.0 m3-min~' is being treated. The average content of the
main contaminants in feed is as follows:

TDS SO4
2" NH4

+ U Al Fe Ca NO3" Ra
[g-nf3] [Bq-rn"3]

960 650 28 0.1 32 3 140 30 30

5. TECHNOLOGICAL WATER FROM MILLING PLANT TAILINGS POND

The milling plant GEAM in Dolni Rozinka has been operating since 1968. The technology is based on
carbonate leaching and the uranium is separated by ion exchange on anionic resin. The original
project design envisioned a closed water circuit with a small water deficiency. This target was never
fulfilled and there is an annual water surplus of about 300 000 m3. The water is accumulated in
tailings ponds and is partially recycled to the mill. The need to solve this problem has increased
yearly. The remediation technology selected uses a combination of water pre-treatment,
electrodialysis (ED) and thermal thickening (evaporation). Crystalline Na2SO4 is produced from the
concentrated solution and sold for use in detergent production (see Fig. 1)

5.1. Water pre-treatment

Precipitation of Ca and Mg with NaOH and NaCO3 is the first step of the water pre-treatment
operation. Precipitated solids are separated in sedimentation tanks. Part of water is then fed to the
accumulation tank and the remaining part to the electrodialysis unit.
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5.2. Electrodialysis (ED)

ED requires complete removal of suspended solids and heavy metals, so the water is filtrated on sand
filters. After acidification heavy metals (especially Mo, U and Cu) are sorbed on ion exchange resin
Lewatit TP 207.

The next operation is coagulation with Fe2(SO4)3 and filtration.

— After the pH adjusted to less than 2.5, the solution is fed to the ED unit, where countercurrent
flow of diluate and concentrate occurs. The diluate is discharged into a stream and the
concentrate is fed to the accumulation tank, which serves as a source of constant feed to the
evaporation system. The pre-treated water, ED concentrate and the solution overbalance from
ion exchange circuit are mixed and collected in the accumulation tank. The capacity of
electrodialysis unit is about 12 m3 treated water per hour, producing 9 m3 of diluate and 3 m3

of concentrate
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FIG. 1. Technological scheme of GEAM water treatment.

5.3. Evaporation

The evaporation system consists of eight evaporators connected in series. The last two evaporators
work as both evaporators and crystallizers. The crystals of Na2SO4 are separated in a centrifuge and
dried. Ammonia is cleaned form the condensate by desorption and then discharged into a stream.

The capacity of the evaporation unit is about 40 m3 of treated water per hour; the annual production of
Na2SO4is6000t.

5.4. Technical parameters

The GEAM treatment system produces about 50 m3 per hour of treated tailings water. The average
concentration of main contaminants in feed solution is as follows:

N ( V Na U

I
600 7100 14

pH TDS SO4
2

7.9 26000 15000

[g-m~3]
Ra

5q-m

520

[Bq-nT3]
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6. STRONG ACID SOLUTION FROM ISL WELLFIELDS

The treatment of this type of solution is the main problem of ISL mine restoration. The contaminated
underground water contains up to 80 000 g.rrT3 of TDS, of which about 10 000 g.m"3 is free sulphuric
acid. Based on the chemical composition of these solutions it was decided to use a combination of
treatment operations for salts removal. The Station for acid solutions treatment (SLKR) complex
consists of the following units (see Fig. 2):

(a) Evaporation
(b) Crystallization and recrystallization of ammonium aluminium sulphate (alum)
(c) Reprocessing of alum to aluminium compounds
(d) Treatment of mother liquor
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FIG. 2. Technological scheme of SLKR complex.

6.1. Evaporation

The feed is pumped through three in parallel plate and frame heat exchangers that recover sensible
heat from the hot distillate. This raises the feed temperature to near boiling. The feed is then sent to a
parallel arrangement of three falling film vapour compression evaporators. Each evaporator consists
of a condenser and a sump. The condenser contains vertical heat transfer tubes within in a shell. The
dilute feed is fed to the sump, where it combines with the concentrated recirculating liquid from the
evaporator. The concentrated liquid is pumped to the floodbox at the top of the condenser. From there
it is distributed evenly to the inside of each vertical tube, using patented flow distributors. A small
portion of the liquid evaporates as it flows in a thin film down the tubes. The vapour exiting the tubes
passes through mist eliminators on its way to the compressor. The vapour is slightly compressed to
raise its temperature of condensation above the boiling point of the liquid inside the tubes. The steam
then enters the shell side of the condenser, where it condenses on outside of the tubes, giving up its
latent heat to the liquid falling inside the tubes. The resulting distillate is collected at the bottom of
the condenser and after a pH adjustment it is discharged into the stream.
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6.2. Crystallization and recrystallization of alum

A portion of the concentrated solution being recirculated in each evaporator is discharged and
collected in the crystallization feed tank. This solution is combined with a solution of ammonium
sulphate sufficient to make a stoichiometric solution of ammonium aluminium sulphate (alum),
NH4A1(SO4)2.12H2O.

The concentrate is cooled by flashing the hot solution in two progressively lower pressure flash
coolers, producing a large amount of alum crystals. Since solubility of this salt is strongly affected by
temperature, crystals are precipitated by cooling the solution rather than purely by continued
evaporation. Since the solution has been concentrated by evaporation at atmospheric pressure, the
flash vessels are provided to keep the size of the equipment manageable. Multiple vessels also allow
flashing at more than one pressure, which makes it easier to reuse flash steam and allows the design
of an efficient vacuum system.

A wide bustle has been added at the top of the second flash cooler sump to provide a clarification
zone where crystals may separate by gravity from the mother liquor. Clear liquor is removed from the
process at this point and collected in a tank for the next treatment.

The raw crystals from crystallization are filtered and washed with clean distillate using centrifuges
and then fed to the recrystallizer. The filtrate and various wash streams are returned to crystallization
to improve recovery of ammonium alum.

The raw crystals from the crystallizer area are re-slurried with liquor from the recrystallizers' area and
distillate from the evaporator system plus seal water purge from the vacuum pump. The slurry is then
heated in two stages by direct contact with flash steam.

This mother liquor is then passed through a clarifier to remove sediments and insolubles. A filter
press removes the solubles from the clarifier underflow sludge before disposal. Any remaining
suspended solids in the clarate are removed by multimedia filters and cartridge filters. The filtered
liquor then enters an electrochemical reduction system where ferric iron is reduced to ferrous iron.
This treatment reduces iron impurity in the recrystallized solids. Much higher purity ammonium
aluminium sulphate now crystallizes out of the purified mother liquor. These purified crystals are
washed with clean distillate in dual/parallel centrifuges.

6.3. Reprocessing of alum to aluminium compounds

The products of crystallization are practically wastes unless further reprocessed; it was necessary to
develop procedures for their conversion to commercial products or into products, which could be
safely deposited in the environment.

Three technologies for decomposition of ammonium aluminium sulphate were developed in DIAMO
and they are in the stage of verification and design at present:

(1) The calcination of ammonium aluminium sulphate proceeds as per the following equation:

2 (NH4) A1(SO4)2.12 H2O = A12(SO4)3 + (NH4)2SO4 + 24 H2O

The capacity of the plant will be 60 000 t annually of reprocessed alum with production
of about 20 000 t per year of A12(SO4)3 plus 8000 t per year of (NH4)2SO4 for use in alum
crystallization.

Operations will start in 2001, with full production capacity in 2003.
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(2) The decomposition of ammonium aluminium sulphate by means of ammonia under atmospheric
conditions with production of Al(0H)3 proceeds as per the following equation:

(NH4) A1(SO4)2.12 H2O + 3 (NH4)OH = A1(OH)3 + 2 (NH^SC^ + 12 H2O

The capacity of the plant will be 100 000 t annually of reprocessed alum with production
of about 30 000 t per year of A1(OH)3, plus 58 000 t per year of (NH^SC, for use in
fertilizer production. The projected start up date is 2004.

(3) The third option is production of remediation materials for use by DIAMO in reclaiming mud
pits.

The capacity of the plant will be 30 000 t annually of reprocessed alum with the production of
40 000 per year of remediation materials plus 1000 t per year of NH3 for use in alum

crystallization or A1(OH)3 production. Start up is expected in 2002-

6.4. Treatment of mother liquor

Treatment of the mother liquor seeks to minimize the production of solid wastes. The planned
operation includes three stages of evaporation, crystallization and separation of solids. The solid
wastes will be solidified or vitrified before deposition. The remaining liquid will be dried and the
resulting solids will be calcinated. The solid products will be deposited in the Straz mill waste pond.
The start of operation is planned for 2008.

6.5. Technical parameters

The capacity of the SLRK evaporation is 6.5 m3-min"1 of treated water with a concentration factor of
CF = 6.5. At present the evaporators are working at a feed rate of 6.5 m3-min"1 and the CF = 5.5. The
average concentrations of the main contaminants in the strongly acid solutions is as follows:

TDS SO4
2" NH4

+ U Al Fe Ca NO3" F~ H2SO4 Ra
[g-m"3] [Bq-nT3]

55000 36000 800 <1.0 4900 1500 2600 900 150 7000 30

7. SUMMARY

The above mentioned technologies cover the required water treatment for a wide range of
contaminant types and concentrations. All these methods were developed gradually and upgraded
during operations. The optimal conditions for their application and the functional limits were
established and put into operation.

The application of water treatment technologies during mining activities is essential to fulfil the water
discharge regulatory requirements and also to establish better conditions for the decommissioning and
reclamation of uranium mines. Any delay in beginning initiating contaminant and water surplus
removal can significantly complicate restoration. Water leakage and contaminant dispersion outside
the boundary of the mining area produces unfavourable conditions for underground restoration.

DIAMO must now solve a complicated problem that results from the close proximity of deep mining
and ISL operations in the sedimentary deposits of the Northbohemian Cretaceous. The restoration
project has taken advantages of the operational experience with different water treatment methods.
The appropriate use of individual technologies and the optimization of various flow sheet
combinations should result in shorter restoration periods and cost reductions.
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