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Abstract

Low level radioactive liquid wastes are produced in many nuclear applications.Their physico-
chemical characteristics may vary considerably. Chemical precipitation is a convenient treatment method
for the liquid streams of high salinity or solid content containing different radionuclide types. Generally,
the concentrations of nuclides in liquid wastes are extremely low. For example, 1000 Bq of 137Cs makes
about 3-10"10 g of caesium. Therefore conventional precipitation cannot be applied since the solubility
product value is not exceeded. The carriers which are capable to adsorb the nuclides are used to achieve
the nuclide removal. Stable isotopes of the nuclide are usually added as the carriers but any reagent which
has similar chemical specifications with the nuclide can also be used as the carrier. Precipitation of these
non-radioactive carriers ion together with the radionuclide is called co-precipitation. The operational steps
of the chemical precipitation process should be established and applied in a treatment facility. Thus, the
most suitable carrier for a particular nuclide and its usage conditions are required to be determined.

In this study, the carriers for removal of 137Cs and uranium, their accurate amounts and usage
conditions to achieve highest decontamination factors (DF) have been investigated. A number of such
reagents as A12O3, F e ^ , MnO2, TiO2, CeO2, SnO2, bentonite, silica gel, silicon (powder), polystyrene
(powder) were tested to find out the most suitable carrier for ^Cs. Different pH and carrier concentrations
were used. The highest DFs were obtained with bentonite and silica gel. Removal of caesium with ferro
cyanides of Ni, Co, Cu, Fe was also investigated. The highest DFs were obtained with nickel ferro
cyanide. Bentonite and silica gel were tested with nickel ferro cyanide to improve the removal of 137Cs.
Optimum pH and reactant concentrations were found. Uranium removal has been tested with TiO2, SnO2,
Sb2 O5, BaSO4 and silica gel at different pH and sorber concentrations. The highest DFs were obtained
with BaSO4 and silica gel. The sodium diuranate precipitation (UO2

2+ +NaOH) process has been
improved with BaSO4 and silica gel. The optimal pH and reactant concentrations were identified.

Residual sludge volumes were evaluated for cementation purposes. Hie cement composite samples
were prepared for each set of experiments and hardening times were measured.

1. INTRODUCTION

The objectives of liquid waste processing are to immobilize the radioactive elements and to reduce
the volume to be stored. The solidified product must be non-dispensable, insoluble and with good
mechanical and structural stability. Chemical precipitation is applied for the treatment of low level
radioactive liquid wastes at Cekmece Waste Processing and Storage Facility (CWPSF). A comprehensive
research programme on chemical precipitation was needed to specify the reliable operational procedures
for each nuclide or nuclides group in the liquid waste stream. 137Cs precipitation has been studied at
different carrier concentrations in detail with a number of possible carriers. Optimum precipitation
conditions and best carriers have been determined.

Uranium contaminated liquid waste is produced during the fuel preparation pilot plant operations
at £NAEM. In normal operations, uranium is precipitated as much as possible at the fuel plant and the
residual solution containing low concentration of uranium is delivered to the waste treatment plant. In some
cases, the liquid containing uranium is taken from different steps of the fuel plant. Therefore, uranium
content and chemical specifications of the liquid may change considerably. The objective of this study to
remove by precipitation the uranium from the liquids.
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2. THEORY

2.1. SCIENTIFIC BACKGROUND

Radioactive liquid waste contains radionuclides in their dissolved forms. By precipitation, they
can be transformed to an insoluble (sparingly soluble) form. To form a sparingly soluble compound of the
nuclide in liquid waste, a convenient partner ion must be added. The reaction may be written, simply

Equilibrium constant K - [A+][B-]/[AB]
where [A] represents the concentration of A in the solution at equilibrium.

If AB is a sparingly soluble salt, the equilibrium shifts to die right band side and very small amount
of free ions of this salt can remain in the solution.

Solubility product, SP = K- [AB] = [A+][B-]

Precipitation cannot occur until the value of SP on the concentration product is exceeded. In
addition, the solubility of a compound is influenced by the ionic strength of the medium, by the presence
of common ions and by formation of complexes.

Decontamination factor (DF), is a means of describing the removal of radionuclides from the
liquid. It is the ratio of initial activity to the remaining activity after the treatment of the liquid.

_ initial activity^ concentration
remaining activity concentration

Chemical precipitation is applied for the treatment of low level radioactive liquid waste at many
nuclear establishments. However, although the method seems to be easy and well developed, many
difficulties which may cause poor results can occur. The main reason is that radioactive liquids usually
contain radionuclides in extremely low concentrations, and therefore they cannot easily form an insoluble
precipitate. General principles of chemical precipitation may no longer be valid for such low
concentrations. Sometimes, a number of particles in these solutions is so low that the conditions of the
mean statistical distribution according to the Maxwell-Boltzmann law may not be satisfied.

If the system involves at least 106 molecules, the fluctuations are negligible and the conditions of
the mean statistical distribution are met. In this situation, it can be said that the system is reproducible.

^Cs, 3-10"12 g (or 2.3xia14 mol) of 137Cs has about 10 Bq of activity. That is about 1010 particles.
Again, 8-10"4 g of ^ U has about 10 Bq and it is about 2-10" particles.

Precipitation of caesium and uranium have been investigated in this study and the activities were
always higher than 10 Bq for each experiment. Therefore all experiments were reproducible from a
viewpoint of the mean statistical distribution. Because the radionuclide concentration is so low that
radionuclides cannot form an insoluble precipitate with the pertinent oppositely charged ion, sorption of
radionuclides on insoluble salts gains more importance than precipitation. Therefore, the use of a carrier
is necessary.

The first type of adsorption called simple adsorption, consists of the formation of a deposit round
the carrier. As soon as the carrier is completely covered, adsorption will stop. The second type, internal
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adsorption, consists of the deposition of a first coating, then the crystal will grow and adsorption can
continue. In fact, ihe actual mechanism is very complicated as it involves several types of interaction with
the ions in the solution.

It has been found that the precipitation of salts carries down certain radioelements contained in
radioactive waste. This feature is exploited by addition of metal salts to the waste. Stable isotopes of the
radionuclide in liquid waste are usually added as a carrier but any reagent which has similar chemical
behaviour regarding the radionuclide can also be used as a carrier. Precipitation of this non-radioactive
carrier ion together with the radionuclide is called co-precipitation. Adsorption of radionuclides on the
surface of solids comprises a major part of co-precipitation. It is possible to precipitate the radionuclides
at very low concentration by using adsorption. Solids which adsorb radionuclides can also be formed
during chemical treatment.

2. DESCRIPTION OF RESEARCH

Removal of caesium and uranium from the liquid wastes have been investigated in mis study. Both
nuclides are somewhat problematic from a viewpoint of their special properties. Caesium is not easily
precipitated, especially if the medium is not alkaline. Daughters of uranium contribute to the total
radioactivity of the liquid waste. Additionally, some undesirable changes may occur in a strongly alkaline
medium, e.g. the formation of radiocolloids.

2.1. BASIC RESEARCH EQUIPMENT

I - Canberra-85 gamma spectrometer with HP Germanium detector for 137Cs analyses.
II- Delayed neutron counting system for uranium analyses.
Ill-A jar test equipment with 6 units for precipitation experiments.
IV- A membrane pump (2.4 m3/h) for the suction of clean liquid.
V - Transparent PE containers (200 mL) as precipitation vessels.

2.2. PROCEDURE

(a) Six PE vessels are placed in jar test equipment. 150 mL of liquid waste is transferred to each
vessel. Equipment is started to operate. pH is adjusted, if necessary.

(b) Chemicals and/or carriers are added.
(c) Rapid stirring is carried out for 2 minutes at 160 rpm, then mixing is continued at

120 rpm for 20 minutes.
(d) Vessels are left to settle for 24 hours.
(e) 100 mL of clear liquid (supernatant) is sucked from each vessel to another PE vessel and analyzed

by gamma spectrometry in the case of the caesium experiments.
(f) 0.2 mL of supernatant is sucked with a pipette and prepared for delayed neutron counting system

for uranium analysis.
(g) Residual sludge is collected, followed by cementation. A cement composite is prepared for each

set of experiments and the hardening times of cement composites are measured.

2.3. TEST PROGRAMME

2.3.1. ^Cs

A real liquid waste contaminated with 137Cs has been used for the experiments. The activity of
the liquid was arranged as 110 Bq/mL by dilution with water and this liquid was used as the stock solution
for all caesium experiments. pH of this original solution was 6.5. The amount of activity decay was about
1 Bq for every 6 months and that was considered in the activity calculations.
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The following studies have been done for Cs:

(a) A12O3, Fe2O3, MnO2, TiO2, CeO2, SnO2, bentonite, silica gel, silicon (powder), polystyrene
(powder) were tested without adjusting pH and without adding any other compound.

(b) The experiments in (a) were repeated after adjusting pH to 9 with NaOH.
(c) Because bentonite and silica gel provided the highest DF in the experiments (a) and (b), they were

tested at different pH values.
(d) Removal of caesium with the ferro cyanides of Ni, Co, Cu, Fe was examined. IQtFe^N) J

solution was used to provide the ferro cyanide ion. Ni(NO3)2, Co(NO3)2, CuSO4, FeCl3 solutions
were used for corresponding metal ions.

(e) Because the nickel ferro cyanide precipitation provided the highest DF in the experiments (d),
bentonite and silica gel were tested with ferro cyanide precipitation to improve the removal of
137Cs.

2.3.2. Uranium

Uranium is present in sea water due to the relatively high solubility of UO2
2+ ions in carbonate,

sulfate, chloride and nitrate solutions. For example, the concentration of U in sea water varies between
0.5 to 5 mg/m3, depending on the location.

Maximum permissible concentration (MPC) of 238U has been given as 6-10"6 Ci/m3 which equals
to 0.0179 g/L. MPC of natural uranium in water is nearly the same as 238U. Therefore, MPC of ^'U has
been taken as the discharge limit and this part of research was aimed at reducing the uranium concentration
below 0.0179 g/L before the liquid is discharged.

The adsorption capacity of some promising oxides (TiO2, SnO2, St^Os), BaSO4 and silica gel has
been tested directly in uranyl solutions at different pH. After that, the well known N a ^ O ; precipitation
with NaOH has been improved by using silica gel and BaSO4. Initial concentrations of uranium were
adjusted to 0.064 g/L. Uranium analyses have been done by delayed neutron analysis.

The following tests have been carried out for uranium:

(a) TiO2, SnO2, Sb2O5, BaSO4 and silica gel were tested without adjusting pH and without adding any
other compound.

(b) Experiments in (a) were repeated at different pH values.
(c) The (UO2

2+ + NaOH) precipitation process was improved by the addition of BaSO4 and silica gel.

3. RESULTS

3.1. mCs

3.1.1. Possible carriers or sorbents

It has been found that A12O3, Fe2O3, MnO2, TiO2, silicium (silicon powder) cannot be a carrier
or a sorbent for mCs. They were added to 137Cs solution from 0.5 g/L to 2 g/L and mixed from 2 min to
2 h. Different pH values from 6.4 to 9.5 were tested but no sorptive capacity has been found for 137Cs.

Polystyrene powder: Since it does not form a homogenous mixture with water, it was shaken with
137Cs solution from 2 min to 2 h at pH ranging between 6.4 and 9.5. The liquid was sucked from the lower
level (because the powder remained on the surface) and analyzed. No sorptive capacity has been found.

CeO2, SnO2: In the pH range from 6.4 to 8.5, no sorptive capacity has been found for 137Cs.
Values up to pH 10 were investigated but very little sorpa'on of 137Cs was shown, and the best result did not
exceed a DF of 1.2. Therefore, they have not been regarded as carriers or sorbents for 137Cs.
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bentonite

silica gel

2.5 3.5

FIG. 1. Removal of /37Cs with bentonite and silica gel atpH = 8.5 - JO.

Bentonite: It has been found that bentonite has some sorption capacity for 137Cs at pH > 8, but no
significant sorption has been found at the lower pH. The decontamination factors achieved were nearly the
same between the pH interval from 8.5 to 10 (Fig.l).

Silica gel: Results have been found for silica gel were very close to the results of bentonite but
lower DF values could be obtained than bentonite. Fig. 1 shows the attained DF values against the amount
of bentonite and silica gel used at pH8.5 - 10.

0.25 0.5 0.75 1 1.251.50 0.1

FIG. 2. Removal of 137Cs with some metalferro cyanides atpH = 8 andK4 fFe(CN)6J= 0.5 g/L

3.1.2. Suitable concentrations of metals and cyanides

Different metal cyanides were used to remove caesium from the liquid. Cyanide concentrations
were kept as K4[Fe(CN)6] = 0.5 g/L for each experiment. Other metal concentrations (nickel, cobalt,
copper and iron) were arranged from 0.05 to 1.25 g/L. pH was adjusted to 8 with NaOH solution. Figure
2 shows the attained DF values against different concentrations of metal ions.

The highest DFs (256 and 216) were reached when the nickel concentration was 0.2 and 0.25 g/L,
respectively. Since the cyanide concentration was 0.5 g/L for each test as, it can be concluded mat the
theoretical amounts of nickel and cyanide provide the highest DF values (0.5 g of cyanide and 0.248 g of
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nickel are the stoichiometric amounts of nickel cyanide). Excess amounts of, whether cyanide or nickel,
affect DF negatively. That effect was unimportant for the 3-5% excess of nickel but the same percent of
excess cyanide affected the DF values significantly.

Similar results were obtained for cobalt cyanide. Again, the highest DFs were obtained with
stoichiometric amounts and excess amounts of chemicals effected the DFs negatively.

Removal of caesium with copper cyanide was not very effective compared with the results for
nickel and cobalt. DF was not significantly affected with the excess amount of chemicals.

DF values for FeCl3 were very low because of the alkaline pH. Ferro cyanide was decomposed
with alkalinity and Fe(OH)3 was formed. It is known that iron hydroxide is not effective for the removal
of caesium.

3.1.3. Suitable stoichiometric amounts of metals and cyanides

In this set of experiments, stoichiometric amounts of chemicals were increased proportionally and
the question of which concentration gives the highest DF was examined. pH values were adjusted to 8. The
cyanide concentration varied from 0.1 to 2 g/L and corresponding stoichiometric amounts of nickel,
cobalt, copper concentrations and attained DF values are listed below.

KJFe(CN)J

g/L

0.1
0.2
0.4
1
1.5
2

Ni(NO3)2

g/L

0.05
0.1
0.2
0.5
0.75
1

DF

275
252
248

85
66
69

Co(NO3)2

g/L

0.05
0.094
0.19
0.47
0.71
0.94

DF

86
168
152
92
84
85

CuSO4

g/L

0.09
0.17
0.35
0.87
1.31
1.74

D

12
73
81
96
105
112

In contrast to expectations, the highest DF values were obtained at the lowest stoichiometric
amounts of nickel and cyanide. But, the particles of the precipitate were not good enough to observe and
settling time was much longer than the others (3-4 days). Therefore, the second lowest values of nickel
can be taken as an optimum DF value. Figure 3 shows the results of this part of experiments.

DF
300

\

250

200

150

100

50

0

FIG. 3. Removal of Cs with stoichiometric amounts of some metal ions and K4[Fe(CN)6], at pH=8

0.5
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Like nickel, cobalt has been found also to give lower DF values with the increased amount of
chemicals. But, DF values were nearly the same at the concentrations higher than 0.5 g/L. It has been
found for copper that DF values have increased regularly by the increased stoichiometric concentrations.

3.1.4. Optimal pH

The most suitable concentrations of nickel, cobalt, copper and cyanide have been found as
described in Section 3.1.3. These values were applied at different pH values to find out the most suitable
pH for the removal of 137Cs from the solution. Figure 4 shows the results.

9 10 11 12 13 14

1. nickel

2.cobalt

3.copper

4.iron

FIG. 4. DF' -pHdependence of removal of ls7Cs with metal ferro cyanides.
1- 0.1 g/L nickel + 0.2 g/L cyanide
2- 0.094g/L cobalt + 0.2 g/L cyanide
3- 1.5 g/L copper + 1.73 g/L cyanide
4- 0.22 g/L iron + 0.5 g/L cyanide

0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

FIG. 5. Improved removal of Cs with bentonite and silica gel. Nickel and cyanide concentrations
are 0.1 and 0.2 g/L.
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For nickel the best pH level has been found as 11. It can be concluded mat the best pH interval
is between 9 and 11. For higher pH, DF decreased sharply, because of the formation of colloids. If there
is not enough sensitivity during the adjustment of pH, it is better to keep the pH between 9.5 - 10. For
cobalt and copper the most suitable pH was found to be between 8-12.

3.1.5. Improvement of nickel ferro cyanide precipitation

In the previous experiments, the best removal of 137Cs has been obtained with 0.1 g/L nickel and
0.2 g/L cyanide at pHl 1. It has been determined that bentonite and silica gel were the best adsorbents
among the compounds investigated. In this part of the research, bentonite and silica gel have been tested
with nickel ferro cyanide precipitation. Figure 5 shows the results.

3.2. URANIUM

3.2.1. Possible carriers or sorbents for uranium

TiO2, SnO2 and Sb2O5: Those have been found not to be carriers or sorbents for uranium. They
were added to uranium solution from 0.5 to 3.5 g/L and mixed from 2 min to 2 h. Different pH values
from 5 to 10 were tested. No sorptive capacity has been found for uranium.

Silica gel and BaSO4 have been found to have considerable sorption capacity for uranium.

3.2.2. Improvement of uranium removal with silica gel

In Fig. 6, improved uranium precipitation with silica gel is shown. Firstly, diuranate precipitation
was applied with NaOH in uranyl nitrate solution containing 0.064 g/L uranium. After the formation of
Na2U207 floes in the liquid, silica gel was added and mixed for 20 minutes. Uranium removal with this
procedure is shown as curve " 1" in Fig. 6.

After that, the procedure was repeated with the addition of silica gel before the formation of
diuranate. Silica gel was added to uranyl nitrate solution and mixed for 20 minutes. Then, NaOH was
added to raise the pH to 10. Mixing continued for 20 more minutes. Line "2" in Fig. 6 shows the results
of this procedure.

Nearly the same DF values were obtained at higher pH while the lower pHs caused lower DFs.
Therefore, pH dependence of the procedure was conceived such that the optimum pH value was around
10.

DF

80

70

0.5 15 2
Silica gel
(g/L)

2.5 3.5

FIG. 6. Improvement of uranium removal with silica gel atpH=J0.
1. silica gel addition after Na2U2 07 formation
2. silica gel addition after Na: U? Or formation
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1.5 2 2.5
BaSO4 (g/L)

FIG. 7. Improvement of uranium removal with BaSO atpH=10.
1. BaSO4 addition after Na: U2 07 formation
2. BaSO4 addition after No? U: 07 formation

3.2.3. Improvement of uranium removal with BaSO4

The same procedures as described in Section 3.2.2. were applied using BaSO4 instead of silica gel.
Results are shown in Fig.7.

The dependence of uranium removal with BaSO4 on pH was almost the same as reported in
Section 3.2.2. pHIO can be assumed as me optimum alkalinity for the procedure. If the carriers are added
before the diuranate precipitation, some part of uranium is sorbed by the carriers and residual uranium is
precipitated with NaOH. If the diuranate precipitation is applied first, the residual uranium in the liquid
is needed to be sorbed on the carriers. In bom cases the precipitation sludge contains a mixture of Na2U2O7

and carriers.

A comparison of the uranium removals with silica gel and BaSO4 is shown in Fig.8. The optimum
result for the uranium removal has been obtained with the addition of 2.5 g/L silica gel at pHIO after
Na2U2O7 precipitation.

FIG. 8. Comparison of uranium removal with silica gel and BaSOj at pH= 10
after Na? U3O 7 precipitation.
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3.3. CEMENT HARDENING TIME

The residual sludge from the experiments as described in Sections 3.1. and 3.2. has been cemented
with ordinary Portland cement with a sludge/cement ratio of 0.5. Solid contents of the sludges were
around 0.6-1.4 wt%. Cement-sludge composites were prepared after each set of experiments. A manually
driven vicat needle device was used to follow solidification of the samples. Needling was carried out every
15 min and the time that the needle could not penetrate the last 1 mm from the upper surface was accepted
as the final hardening time.

A great number of hardening data were obtained. Two sets have been selected and are plotted in
Fig. 9. They were obtained from the composite samples of sludges giving the highest DF. The general
trend is that the more the carrier amount used, the shorter the hardening time.

FIG. 9. Plot of hardening times from two selected sets of experiments.
1- 100 g cement - 50cm3 sludge from 137Cs

precipitation (0.1 g/L Ni(NOs) 2 ~0.2 g/L
K<[Fe(CN)6] - pH=U - bentonite).

2- 100 g cement + 50 cms sludge from uranium precipitation
(0.064 g/L uranium + NaOH,pH=10 + silica gel).

4. CONCLUSIONS

Metal ferrocyanides and some other carriers or sorbents have been studied in detail for
precipitation of 137Cs from low level liquid waste. Nickel ferro cyanide has been found to be the best
compound to remove caesium. To obtain higher decontamination factors, bentonite and silica gel have been
added to nickel ferrocyanide. The highest DF for 137Cs has been obtained as 392 for 0.1 g/L of nickel
nitrate + 0.2 g/L of potassium ferrocyanide +5 g/L of bentonite, at pH of 10.5 - 11. Greater amounts
of bentonite have not been used because of the consideration of the volume of sludge. A sludge volume
of less than 50 cm3 for each litre of liquid waste has been sought. Metal cyanide precipitates have not been
found as significant contributors to the sludge volumes. 5 g/L of bentonite or silica gel were the maximum
amounts of sorbents for 137Cs because the final sludge volume has tended to increase to be more than the
target limit 50 cm3/L of liquid if greater amounts of bentonite and silica gel were used. The 110 Bq/mL
initial specific activity of 137Cs could be decontaminated to 0.28 Bq/mL. 99.7% of 137Cs in the liquid waste
has been removed.

Uranium removal experiments were mainly carried out with Na2U2O7 precipitation. In contrast
to caesium, the theory and stoichiometric values for the diuranate application are known. Efficiency of
the procedure decreases with the decreased concentrations. Therefore, the carriers, BaSO4 and silica gel
have been used in two different ways. If a part of the uranium in the liquid is sorbed on carriers as the first
step, a very small part of residual uranium can be precipitated by normal precipitation process. But, if
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some part of uranium is precipitated for the first step, most of the residual uranium can be sorbed on silica
gel or BaSO4. Of course, that is completely dependent on the amount of carriers to be used. But, it has
been found that the removal efficiency can be increased considerably by using the carriers after diuranate
precipitation. Much higher DF values could be obtained by using larger amounts of carriers, but the
residual sludge volume would become much larger too. This study was also aimed at producing the
minimum amount of sludge. It has been concluded that, carriers are able to sorb uranium contained in
solution in much lower concentrations than the concentrations which the normal precipitation can be
applied. The highest DF (74) for uranium has been obtained for 3.5 g/L silica gel at pHIO, after Na2U2O7

precipitation. 0.064 g/L of uranium concentration could be removed down to 0.000865 g/L, that is 98.65%
removal has been attained.

Hardening times of cement composites were around 8 to 48 hours. The sludge with bentonite or
silica gel has been shown to lead to some shorter hardening times like 6 to 24 hours. These values can be
accepted as normal hardening times and there is no need to use additional retarder or enhancer with
cement-sludge composites.
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