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ABSTRACT 

We use the approach described by Westinghouse Savannah River Company using 
ammonium molybdophosphate (AMP) to remove elevated concentrations of radioactive 
cesium to facilitate handling waste samples from NPP “Kozloduy”. 

Preliminary series of tests were carried out to determine the exact conditions for 
sufficient cesium removal from five simulated waste solutions with concentrations of 
compounds, whose complexing power complicates any subsequent processing. Simulated 
wastes solutions contain high concentrations of nitrates, borates, H2C2O4, 
ethylenediaminetetraacetate (EDTA) and Citric acid, according to the composition of the real 
waste from the NPP. On this basis a laboratory treatment protocol was created. This 
experiment is a preparation for the analysis of real waste samples. In this sense the results are 
preliminary. 

Unwanted removal of non-cesium radioactive species from simulated waste solutions 
was studied with gamma spectrometry with the aim to find a compromise between on the one 
hand the AMP effectiveness and on the other hand unwanted affinity to AMP of Uranium and 
Americium. Success for the treatment protocol is defined by proving minimal uptake of U and 
Am, while at the same time demonstrating good removal effectiveness through the use of 
AMP. Uptake of U and Am were determined as influenced by oxidizing agents at nitric acid 
concentrations, proposed by Savannah River National laboratory. It was found that AMP does 
not significantly remove U and Am when concentration of oxidizing agents is more than 
0.1M for simulated waste solutions and for contact times inherent in laboratory treatment 
protocol. Uranium and Americium affinity under experimental conditions for cesium removal 
were evaluated from gamma spectrometric data. Results are given for the model experiment 
and an approach for the real waste analysis is chosen. 

Under our experimental conditions simulated wastes solutions showed minimal affinity 
to AMP when U and Am are most probably in the relatively high valence states. We share the 
opinion of Cotton and Wilkinson for the important role of size and charge density of U and 
Am ions in complexation behavior and inorganic ion exchange. 

1 INTRODUCTION 

The State Department of “Radioactive wastes” requested that Laboratory 
“Radioanalytical methods” of the Institute for Nuclear Research and Nuclear Energy analyse 

033.1 



033.2 

and characterize supernatant wastes from 15 Kozloduy’s tanks. Characterization involves 
analysis of actinides (Pu; Am; Cm), including U and Sr; Tc; I; Nb; Ni; Fe and C as well. 

Radioactive liquid alkaline wastes from NPP “Kozloduy” are ill defined mixtures of 
radionuclides, heavy metals and organic chelating agents. 

Waste samples contain 137Cs (cesium) – the concentration is ≈ 3.7E+06pCi/ml and 60Co 
- ≈ 2E+05pCi/ml for most of the tank wastes. The data is based on the information from NPP 
“Kozloduy” Waste Processing Facility. 

Initially reported information is insufficient and expected to be low for concentration of 
actinides. The authentic samples do not permit more than 1x or 2x internal dilutions to reduce 
salt content. 

One of the goals of conducting preliminary laboratory experiments is to gain insight 
into the expected behavior of those real wastes during Supernatant Sample Analysis – analyze 
supernatant samples from fifteen liquid wastes tanks to better understand the composition of 
feed planned for the Waste Processing Facility. 

The main tasks of experiments presented here are: 
- AMP Method Development – for appropriate samples of simulant compositions, 

develop ammonium molybdophosphate as a cesium removal agent for relatively high 
activity wastes to avoid large sample dilutions necessary for ALARA reasons when 
processing samples for analysis. 

- Determine the effect of increased concentration of oxidizing agents or additions of 
such as (S2O8

2-) to wastes and to confirm if AMP has an affinity for U and Am.  
Ammonium molybdophosphate ((NH4)3PMo12O40 , AMP) is a cation exchanger and has 

been tested mainly for cesium separation. Phosphorus is surrounded tetrahedrally by four 
groups of three MoO6 octahedra (Figure 1)[1]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The octahedra are bridged by one or two oxygen atoms and the ammonium and water 

molecules are located between the [P(Mo3O10)4]3- complexes. The exchange of ammonium is 
followed by rearrangement of the remaining ammonium ions to form a stronger hydrogen 
bond array and restructuring of the heteropoly anion. This change in structure does not favour 
further exchange, and the exchange process is incomplete. 

AMP is the most thoroughly studied salt of heteropoly acids [2] and has been reported 
that selectivity for Cs is lost at pH values close to neutral, when divalent and tetravalent 
cations are picked-up indiscriminately too and the minimum NH4

+ background in all solutions 
is desirable. 

Figure 1: The 12-molybdophosphate anionic unit and its secondary structure
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The work described here started with a study of the factors determining good Cs 
removal from simulated wastes. 

Work was continued to investigate reported loss of Am [3] and it was determined under 
various conditions, whereby it was shown that AMP does not significantly retain U and Am 
when concentration of oxidizing agents is more than 0.1M for simulated wastes solutions and 
for contact times inherent in laboratory treatment protocol. 

The new treatment protocol for removal of Cesium from liquid wastes has been 
developed by the Savannah River Site Central Laboratory [3]. We applied the described 
treatment protocol, using ammonium molybdophosphate (AMP) for our simulated wastes 
solutions. 

This approach has been selected due to the high selectivity of AMP for cesium with 
indication of negligible sorption of strontium and actinides [4]. 

On the other hand the salt concentration of the wastes is high and samples will require 
dilutions, because of their high ionic strength. 

The following design assumptions initially motivated this study and were considered 
when we attempted experiments to find a compromise between the AMP effectiveness on one 
hand and unwanted affinity of AMP to Uranium and Americium on the other: 
• We have prepared complexant containing simulated waste with high ionic strength and 

3M for NO3
-. The nature of the complex between metal and the oxygen atoms in the 

nitrate ions will mainly be electrostatic. This can be explained by the fact that both the 
oxygen atoms and the metal ions can be considered to be hard acids [5]. A metal ion with 
higher surface charge (smaller ionic radii) will form a stronger complex with the nitrate 
ion [6]. 

• AMP is strong inorganic ion exanger where Cs+ ions were replaced the exchangeable 
cations (NH4

+) on AMP. 
• It is very likely that Cs+ do not form coloidal species in basic solutions. 
• We have oxidized Am and U in high valence state in basic conditions and then ion exange 

of Cs is favored when pH is drastically lowered (from pH9-11 to pH1). 
• The lower ionic radii of actinide in high valence state – (Am3+ -98,2pm ;[7] Am4+ -

92pm; Am(V) - 86pm and Am(VI) + -80pm and U4+ -100pm. Cs has 181(169)pm ionic 
radii and the major concurrent ions are - Na – 95pm ; K- 133pm; NH4+ - 143pm 
(Pauling)). It is difficult to translate these numbers directly into explanation of the 
different kinetic behavior of Cs and Am, but the different concentrations of free metal in 
each case could possibly account for part of the kinetic difference. 

• Standard formal reduction potential of Am in acidic and basic solutions – see Figure 2. If 
the oxidation is made in basic conditions and AMP removal of Cs in acidic solutions and 
if is given in mind only electrostatic valency principle the likelihood of Am remaining 
with the solution above the AMP slurry increases and its affinity to AMP decreases. On 
this basis we expected slower kinetics of reduction of Am4+ to Am3+ and we used 
minimal contact time to achieve the same level of removal of Cs. 

• In basic solutions the hydrolysis of actinide in high valence state is more effective. On the 
other hand especially in neutral or alkaline solution actinides are liable to be colloidal or 
to be associated with solid or colloidal material of other kinds. In this chemical form their 
behavior may differ widely from that of their ionic forms. 

• The need to oxidize all organics in the samples before sequential co-precipitation stage as 
basic phosphate of ionic forms of actinides in solution. These compounds can be 
decomposed by various methods, in particular, by using oxidants in combination with 
heterogeneous catalysts. For example, EDTA (ethylenediaminetetraacetate, Y 4- ), DTPA, 
and H2C2O4 are oxidized with nitric acid in the presence of Pt/SiO2 or activated carbon. In 
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alkaline media, H2O2, S2O8 2-, ClO-, and BrO- are suitable [8]. We studied oxidation of 
analytes of interest with persulfate: S2O8 2- + 2e- → 2SO4 2-. 

The standard potential of the above reaction is 2.01 V. Depending on the conditions, 
persulfate can react with reducing agents either directly or after decomposition into SO4 2- 
radical ions. In alkaline medium, SO4

2- radical ions oxidize water and OH- ions to OH 
radicals. Alkali also accelerates S2O8 2- decomposition, i.e., acts as a catalyst [9]. EDTA is 
completely oxidized in solutions heated above 60oC in the presence of cobalt salts at stepwise 
addition of excess H2O2 [10]. 

Figure 2: Standard formal reduction potential of Am in acidic and basic solutions 
 
Despite that the temperature effects vary for the different types of ligands and depend 

on the effective charge of the actinide cation [11] we have not used different temperature 
(temperature varied from 25-28oC). 

This explanation of our approach is only suggestion, however supporting 
thermodynamic and kinetic data are insufficient in this case - organic ligands used have a 
significant influence on actinide speciation. 

In other words, for created conditions in the competition for the “free (NH4
+) spaces” of 

AMP Cs is the more competitive than Am/U cationic forms. 
This simplified approach in order to obtain meaningful results may lead to confusing 

and/or false conclusions and the initial attempts showed variable results. 
 

 

2 EXPERIMENTAL 

Reagents 
 
The reagents employed in this work are Ammonium Molybdophosphate (AMP) 

available from Fluka Chemie, GmbH; K2S2O8 from E.Merck, Germany. All other materials 
were reagent grade and were used as received. Water was obtained from a water purification 
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system. Radiochemical isotope tracers from Amersham standard cocktail that had been 
diluted to the appropriate level were employed to enable gamma measurement. Natural U 
solution was used for U isotopes. 

 
Solution Preparation and Equilibrium 
 
We prepared the first three different salt solutions (I, II and III), based on data from 

NPP “Kozloduy”. The next two salt solutions (IV and V) are with similar high nitrate content, 
but ammonia content is different. 

 
Table 1: Salt solutions (1-L batch) 

 
Target concentration (≈ molar) of the source♦ and 

component*
Compo-

nent 
 

 
Source 

Mol. 
Weight 

(g/mole) I II III IV V 
Na+

 
 
 

NaCl 
NaNO2 
NaNO3 
Na2SO4
Na2CO3
NaOH for 
(pH≈9-11) 

58.44 
69.00 
84.99 
142.04 
106.01 
40.00 

0.02 
0.58 
- 
- 
- 
0.3 
pH≈9

0.9 

0.02 
0.58 
- 
- 
- 
0.3 
pH≈9

0.9 

0.02 
0.014
0.47 
0.006
- 
0.32 
pH≈9

 
 
0.84 

0.31 
0.03 
1.65 
0.014 
0.51 
 
pH≈9 

0.31 
0.03 
1.65 
0.014 
0.51 
 
pH≈11 

K+  KCl 
KNO3

74.55 
101.11 

0.02 
- 

0.02 0.02 
- 

0.02 0.02 
- 

0.02 - 
1.29 

- 
1.29 

NH4
+ NH4NO3 

NH4OH 
80.04 
35.05 

0.6 
0.17 

0.6 
0.17 

- 
0.17 

- 
- 

0.237 
- 

OH- NaOH 
NH4OH 

40.00 
35.04 

0.25 
0.17 

0.3 
0.17 

0.325 
0.17 

- 
- 

- 
- 

NO3
- NaNO3 

NH4NO3
KNO3

84.99 
80.05 
101.11 

- 
0.6 

- 
0.6 

0.47 
- 

1.65 
- 
1.29 

1.65 
0.237 
1.29 

NO2
- NaNO2 69.00 0.58 0.58 0.014 0.03 0.03 

BO3
- H3BO3 61.83 0.324 0.324 0.324 0.81 0.81 

Cl- NaCl 
KCl  

58.44 
74.55 

0.02 
0.02 

0.02 
0.02 

0.02 
0.02 

0.31 
- 

0.31 
- 

SO4 
2- Na2SO4 142.04 -  0.006 0.014 0.014 

C2O4 
2- H2C2O4 90.03 - 0.022 0.022 0.1 0.1 

Cit 3- Citric acid 210.14 - 0.0095 0.0095 0.05 0.05 
γ 4- EDTA 292.25 - 0.0068 0.0068 0.03 0.03 
- Detergent - 1g/L 1g/L 1g/L 1g/L 1g/L 
Sr 2+ SrCl2 158.52 - 0.00405 0.0004 0.0004 0.0004 
Cr 3+ Cr(NO3)3 238.03 - 0.0018 0.0018 0.0018 0.0018 
Ni 3+ Ni(NO3)3 241.69 - 0.0015 0.0015 0.0015 0.0015 
Cs+ CsNO3 194.92 - 3.66E-5 3.66E-5 3.66E-5 3.66E-5
Fe 3+  FeCl3 162.2 - 0.0091 0.0018 0.0018 0.0018 
Carriers for standard cocktail Sm; Cd; Co; Sn; Sr; Cs; Y and Се 2mg/L for each metal ion 
♦ for all solutions 
*     for solutions I, II and III 
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The simulated compositions vary by waste type (e.g. high nitrite and high nitrate) and 
total sodium ion concentration (typically is 3 molar Na+). 

Table 1 lists the concentrations of 12 major components in the three waste types. 
Numerous minor components, particularly metals such as chromium, iron are included in 
simulants. The solutions were left for aging for four weeks before filtering. 

After filtering we added the radionuclides – Am (from Amersham Mixed Gamma 
standard (Co-57, Co-60, Sr-85, Y-88, Cd-109, Sn-113, Cs-137, Hg-203 and Am-241) and U 
as (UO2)NO3 and Cs-137 and Co-60 additionally. We allowed the solutions to equilibrate for 
another four weeks. 

The waste types IV and V in Table 1 present the extreme composition expected in the 
feed steam sent to the processing facility. 

 
3 PERFORMANCE 

 
Procedures 
 

• Without oxidizing agent - 
The samples were adjusted to be at ∼ pH = 1 with nitric acid, and two sequentially 

portions of AMP slurry ware added to 50g nondiluted sample. After vigorously shaking for 30 
seconds AMP was filtered off with a 0.45μm filter. The AMP slurry was rinsed with 2ml 
2MHNO3. The filtrate samples were measured by gamma spectrometry. 

 
• With oxidizing agent - 

The oxidizing agent was added as salt when nondiluted sample was treated and as 
solution when diluted sample was treated and the samples were allowed to stay for 30min. 
Then the sample were adjusted to ∼ pH=1 with nitric acid. The sequentially portions - 
60+40mg AMP; 100+100mg AMP; 200+100mg AMP were used for 50g nondiluted sample. 
After vigorously shaking for 30 seconds AMP was filtered off with a 0.45μm filter. The AMP 
slurry was rinsed with 2ml 2MHNO3. The filtrate samples were measured by gamma 
spectrometry. 

 
Gamma spectrometric data 
 
Presented activity of Cs -137 and Am-241, Th-234 ,U-238 remaining is the primary 

parameter used to measure the efficiency of the inorganic ion exanger – AMP. 
 
 
 
 
The error assigned to the experimental data was from both sources: counting error and 

filtration error. The counting error, usually the smaller of the two errors, was calculated using 
the formula 

 
N=σ

, 
where N is the total number of recorded counts 

 
The half-life of the radioisotope is long relative to the measurement time. The filtration 

error, the primary source of error in these studies was eliminate/determine by weighting each 
liquid volume before counting. The AMP slurry was rinsed only with 2ml 2MHNO3 in order 

100•=
priorAMP

afterAMP
left cpm

cpm
cpm%
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not to introduce additional errors. The total mass of sample was maintained 50g in order to 
eliminate any possibilities for counting error of activity results. 

Calibration standards were prepared gravimetrically from standard solution calibrated in 
activity per gram of solution. 

 
4 RESULTS AND DISCUSSION 

 
The separation of very small amounts of Am/U from a solution makes speciation studies 

difficult, if not impossible [11]. We used existing basic chemical thermodynamic data only as 
a guideline and for common predictive understanding of the system. 

The Laboratory performed a series of tests with the first three different salt solutions 
designed to determine the propensity of AMP to bind some of the common analytes such as U 
and Am. Initially we followed general procedure of WSRC Central Laboratory with exception 
of their two hours digestion step. 

For simulant recipes, given in Table 1 we got little by the procedure, but demonstrated 
the feasibility of the method - Table 2. 

 
Table 2: Analytes left in the solution, % 

 
№ 

exper’s. 
 

Am-241 
 

Cs-137 
 

Th-234 
 

U-238 
 

Pa-231m 
 

Co-60 
Solution/ 
Dilutions 

1 43 4 46 43 46 85 I 
2 91 51 75 71 83 95 I 
3 92 29 62 66 63 100 I 
4 91 21 69 58 66 94 I (1:1) 
5 82 35 92 75 96 98 II 
5-II АМР 
treatment 

81 13 88 80 88 92 II 

5-III АМР 
treatment 

73 4 82 87 88 88 II 

6 88 9 92 71 90 93 III 
7 91 2 93 129 103 92 III (1:1) 
8 89 3 90 74 87 93 III (1:1) 
9 95 1 91 96 84 93 III (1:2) 

 
Solution I is without metal ions and complexants, but with high nitrite content. 
Experiment № 2 was made using the WSRC procedure, № 1 with 1000mg AMP and 

experiments № 3 and 4 were made with (200+100)mg AMP. 
Solution II is with high nitrite content and with metal ions and complexants, without 

SO4
2-. 

Solution III is with low nitrite content, high nitrate and with SO4
2- , but concentration of 

NH4
+ is low. 

Figures 3, 4 and 5 present the experiments with solution V which were made for 
development of our procedure. 
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Figure 3: Influence of AMP quantity at 1:1 dilution 
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Figure 4: Influence of K2S2O8 concentration at 1:1 dilution 
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Figure 5: Influence of dilution at (200 + 100) mg AMP 
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Separation rate is limited by the need to minimize the redox reactions of analytes from 
high valence states and only 30 sec were sufficient for two sequentially portions of AMP and 
shaking. Use of strong “holding” oxidizing agent may be feasible. Despite the assumption that 
Am in the 3+ shows strong interaction with the chelation sites [13] in our system the high 
valence states of Am probably have stronger interactions when EDTA, H2C2O4 and Cit ions 
were used. Solution IV, without ammonia, gives the opportunity to evaluate the influence of 
NH4 

+ and we have only 0.2%Cs left at 97% Am for this solution, using K2S2O8. The 
influence of ammonia was proved when (NH4)2S2O8 was used for solution IV and results are 
4%Cs left at 95% Am. 

Using our treatment protocol we have made Cs removal and only 1% from the initial 
activity remained in the real liquid alkaline waste from NPP “Kozloduy”. 

After radiochemical procedure for Am-241 (tracer Am-243; phosphate co-precipitation; 
ion exchange; extraction chromatography; α -spectrometry) the recovery for Am is 50% and 
for U - 80%. It is harder to determine at this time the effect of AMP on Am and U recovery 
for real waste, but we used Inductively Coupled Plasma – Optic Emission Spectrometry for 
evaluating the risk, due to affinity that AMP will show for Fe, Ni, Co and other elements of 
interest. Table 3 summarized the results from ICP-OES for real waste supernatant before and 
after AMP treatment. 

 
Table 3: Results from ICP-OES of real supernatant from NPP “Kozloduy”; mg/kg 

 
AMP treatm. Cr Ni Fe Cd Co Ca Y S 
Before 3.70 3.05 1.72 0.22 0.43 38.84 0.21 1760
After 3.64 2.82 1.21 0.15 0.30 25.81 0.15 16290
         
AMP treatm. Nb Zr Si Pb Bi Mn Mo P 
Before 0.43 2.15 38.29 2.15 2.15 0.43 14.63 23.23
After 0.31 1.52 13.96 1.52 1.74 0.24 136.55 22.15

 
The concentrations of Sulphur and Molybdenum are increased after AMP treatment by 

the reagents - K2S2O8 and AMP. 
 
CONCLUSIONS 
 

• We developed a treatment protocol, using AMP to remove sufficient cesium from 
wastes, simulating compositions of alkaline supernatants from NPP “Kozloduy”. 
Within the protocol conditions, AMP exhibited minimal affinity for americium and 
uranium at 0.1M concentration of K2S2O8 in the solution. 

• The following treatment steps were used when remove Cs from autentic alkaline 
supernatants from NPP “Kozloduy”: 

Dilute 30g real sample (pH11.5) to 60g; filter the sample using 0.45μm filter, add 
2.5g K2S2O8  in 30ml H2O; add tracers (Am-243 and U-232) and allow to stay for 1h; 
adjust the sample to the pH1 with nitric acid; add the sequentially portions - 200+100mg 
AMP and shaking for 30 seconds; filter AMP with a 0.45μm filter. Rinse the AMP with 
2ml 2MHNO3. The aliquate of filtrate were measured by gamma spectrometry and the 
sample was digested to oxidize all organic. 
• The effect of AMP treatment on results from ICP-OES for existing metals at our 

experimental conditions does not clearly provide absolute conclusions at this time. 
Study will continue in order to evaluate the radiochemistry procedure steps and improve 

recovery for Am and U. 
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