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ABSTRACT 

The PUREX (Plutonium Uranium Refining by EXtraction ) is the 

only technique for nuclear fuel reprocessing industrially 

established at the present time. The important problems related 

to the PUREX type reprocessing have been almost investigated, 

resulting in the basis for the establishment of a safe flowsheet 

for the reprocessing. The information so far reported. however. 

does not completely satisfy the requirements for the 

clarification of the phenomena which could occur in the practical 

field In th is respect . further study on the characterization of 

process solutions. especially from the processes of concentration 

(evaporation ) and storage where the dominant issues on the 

reprocessing are present . is hence required for better nuc I ear 
technology. Although the establishment of analytical techniques 

is a basic issue for the characterization. the determination 

methods for some of important nuclides/ elements/ species in highl y 

radioactive solutions have not been completed. The investigation 

of dissolution property of tri -butylphosphate (TBP : the pr incipal 

organic material in the PUREX ) and its rad iolysis in aqueous 

nitrate solutions of the practical reprocessing processes, on the 

other hand. has been demanded for solving the problem of the 

formation of the organic phase in the evaporation process 

although the formation never occur in practical plants taking 

protections. The study of the radiolysis of water in the 

radioactive solutions is also important because eal ier studies on 

some parts of the radiolysis were not always consistent and 

because of the unsatisfactory information available. 

Based upon the above requirements. this dissertation emphasizes 

the studies of the analytical techniques. and radiolysis of 
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dissolved TBP and water in the highly radioactive solutions. 

In Chapter 1 the purpose/ significance of this study is stated, 

followed by Part 1 (Chapter 2 - Chapter 5) which describes the 

analytical techniques for the determination of the important but 

unestab I i shed items. 

The determination of ''Sr/'' Y in highly radioactive solutions, 

which is a predominant exothermic nuclide, bearing nearly half of 

the energy evolved in the solution from the spent fuels cooled 

for several years, is described in Chapter 2. The fission 

products including ''Y poss ibly interfering with this method, 

were quantitatively removed by co-precipitation with ferric 

hydroxides during the alkaline precipitation stage, leaving " Sr 

in the supernatant in the presence of inactive strontium as the 

hold-back carrier. " Y freshly grown from the " Sr recovered as a 

carbonate precipitate from the supernatant was measured by 

Cerenkov radiation counting 2 hours after the separatio~ ''Sr in 

the solutions was found to be determined with I ittle deviation. 

The species as major ingredients may chemically characterize 

the solutions of concern. The determination of the elements of 

high fission yield in highly radioactive solutions is of 

importance in this regard. Although the separation and measure

ment methods for almost alI the elements have been established, 

the determination of technetium (''Tc ) has not been reported. 

Chapter 3 describes the study of the determination of ''Tc in 

highly radioactive solutions, which was roughly isolated from 

other elements by changing the acidity to alkaline. After making 

the supernatant I i quid acidic, inductive I y coup I ed pI asma 

emission spectrometry ( ICPES ) was employed for the measurement. 

Sensitive determination of ''Tc has been established. 

-2-

From the same respect as the technetium, the precise 

determination of plutonium for each oxidation state is an 

important issue for the chemical characterization of plutonium 

solution. New analytical techniques for the above requirements 

have been developed. The application of control led-potential 

cou I omet ry to pI uton i um, regarded as the most precise 

deterination technique for elements having an electrochemically 

revers i b I e coup I e, is described in Chapter 4. Spectrophotometric 

study for determining the oxidation states is also shown in 

Chapter 4, where satisfactory results were presented. 

The determination of TBP and DBP in the solutions of interest 

is absolutely necessary to investigate the characte ri sti cs of 

the solutions relating to the formation of organic phase. The 

methods commonly used for the this requirement were t ime

consum ing and difficult to apply to highly rad ioactive samples. 

Chapter 5 describes a simple determination method for TBP and DBP 

in the highly radioact ive solutions by gas chromatography wh ich 

does not require any t roub I esome preparation. It was found that 

this method can be applied to samples not only of the solutions 

containing TBP/ DBP but also the solutions having a precipitate of 

a DBP-metal compound with high sens itivity. 

Part 2, consisting of four chapters and ent i tled "Studies on 

radiolys is of dissolved TBP and water in highly radioactive 

aqueous solutions", deals with the sol ubi I ity of TBP, the 

radiolytic degradation of TBP and the radiolys is of water in the 

aqueous reprocessing solutions. 

Chapter 6 describes the sol ubi I ity of TBP dissolved in the 

solutions of the highly radioactive processes with variation of 

several parameters such as concentrations of species involved and 
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temperature. It was found that plutonium or fission product(FP) 

simply acted as an electrolyte in the solutions of low 

concentration of Pu/ FP for the salting-out of TBP while the 

dissolution of TBP showed a different tendency with increasing 

concentration of Pu/ FP due probably to some interactions A 

dependency of TBP sol ubi I ity on presence of HNO , was observed. 

The dependency of TBP solubi I ity on temperature was also 

confirmed to be theoretical for low concentration of Pu in 

plutonium nitrate solution. The dissolution properties of TBP 

such as the interaction between TBP and the species involved or 

the change of ionic form are discussed. 

The radiolytic degradation of TBP in the solutions of plutonium 

nitrate and highly radioactive I iquid waste is described in 

Chapters 7 and 8. respectively. The former chapter focuses on the 

effect of plutonium on the degradation of TBP. The retardation 

of the degradation of TBP was found to be described only by the 

concentration of Pu and HNO ,. which indicates the retardation is 

primarily due to the presence of the competitive reactions 

between OH and HNO , I OH and Pu ( IV ). In Chapter 8. a kinetic 

study of the TBP degradation was extensively conducted in 

addition to an investigation of the effect of FP metal ions on 

the degradation. The formation of DBP in highly radioactive 

1 iquid waste solution has been also studied in order to clarify 

the major product(s ) of the degradation of TBP in aqueous 

solutions. The possibi I ity of other degradation products 

is discussed in the same chapter. Throughout both chapters 

evidence for the mechanism of the radiolytic degradation of TBP 

in aqueous solutions. namely due primarily to the reaction 

between OH and TBP. is given. 

Chapter 9 describes hydrogen and oxygen gases generated 

- 4 -

radiolytically in a nitrate system by alpha-radiation. The 

influence of plutonium on the G(H,) was studied for an 

explanation of the consistent difference in G-values in ''' Cm-HNO, 

solution and Pu-HNO , solution. The effect of solution height on 

the hydrogen generation was observed to be smal I but was sti I I 

significant in the presence of alpha radiation. The reaction 

between OH and H, was found to be involved in the effect of 

solution height on hydrogen generation. The investigation of 

oxygen generation in PuN solution is also described for 

reconfirmation of the G-value of oxygen which disagreed in the 

previous studies. 

Finally the conclusion of this study is presented in Chapter 10. 
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ABBREVIATIONS 

TBP Tri- (n)-butylphosphate 

DBP Di -butylphosphate 

HDBP Di -butylphosphoric acid 

H,MBP Mono-butylphosphoric acid 

PuN Plutonium nitrate 

HRLW Highly radioactive I iquid waste 

FP(s) Fission product (s) 

FP metal - ions Fission product /metal - ions involved 

G(TBP ) G-value of TBP decomposition 

G(DBP ) G-value of DBP formation 

G(H,) G-value of hydrogen generation 

G(O ,) G-value of oxygen generation 

-6-

CHAPTER 1 

INTRODUCTION 

1. 1 Research on Characterization of Highly Radioactive Process 

Solutions in Nuclear Fuel Reprocessing 

The nuclear fuel reprocessing technique cal led PUREX (Plutonium 

Uranium Refining by EXtraction) is the only technique established 

and used commercially at the present time. Based upon the basic 
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research on the recovery of uranium and plutonium ' ' proposed by 

American chemists, several PUREX process flowsheets were 

investigated in the early 1950s' ' · Finally 30% TBP-di luent 

flowsheets became commonly used. This extraction method by TBP 

has several advantages. e. g . . complete recovery of uranium and 

plutonium with high decontamination factors of FPs, and has 

resulted in outstanding success. Various basic studies for the 

use of an organic/ aqueous solution system in the nuclear industry 

were required to establish a safe flowsheet . There was special 

concern regarding safe operations relating to the highly 

radioactive solutions in the processes of concentration 

(evaporation) and storage because the specific characteristics of 

the solutions were observed in the processes. Two major issues of 

concern were i ) the formation of an organic phase in the 

concentration process, resu It i ng in exothermic decomposition when 

heated exceedingly, and i i ) hydrogen generation resulting from 

radiolysis of water in highly radioactive solutions. Several 

studies on the characterization of the process solutions were 

undertaken from the 1950s through the 1970s. 

The organic phase mentioned above has been known to be a 

complex, dense mixture of organic compounds. In particular 

condition, it causes exothermic reactions between certain heated 

TBP solutions and aqueous nitrate solutions containing actinides ' ' · 

A few problems have occurred in the evaporators/ denitrators' -' ' · 

- 8 -

These indicate that the reaction could take place when the 

aqueous solutions containing TBP are concentrated at high 

temperature " . From this viewpoint, the properties of the organic 

compounds and the safety of the evaporation processes in the 

reprocessing plant were studied ' · •- " '- Consequently, the safety 

of the plant -scale evaporator has been guaranteed in 

practice by control I ing certain operational conditions '•· '' ' It 

was reported that the explosive chemical decompositions were 

commonly observed in the presence of an organic phase primarily 

containing metal nitrate·TBP/ HNO , ·TBP species '' ' · The formation 

of the organic phase during the concentration of solutions. on 

the other hand, should also be associated with the presence of 

degradation products of TBP. The appearance of an organic phase 

composed of uranium. TBP and DBP that resulted from the TBP 

degradation in an uranium evaporator was reported '' ' . 

In spite of the fact that the presence of the degradation 

products such as HDBP can also be related to the formation of 

organic phase, there is very I ittle information about the 

dissolution/ degradation of TBP in aqueous nitrate solution of 

nuclear reprocessing. Most of the studies concerning the 

degradation were hydrolysis of TBP and its radiolysis carried out 

with anhydrous TBP. TBP-di luent or mixtures of TBP-di luent plus 

aqueous solution. Especially the latter has lasted for three 

decades and the resu Its have been summarized by Schu I tz et a I. " . 

- 9 -



The radiolysis mechanism of TBP in the organic phase in the 

presence of water can be described as follows ; 

or 

O=P(-0-C,H,), -+ O=P(-0-C,H,), + ·C ,H, 
I 

O=P(-0-C,H,), 
I 
0· 

H,O -+ ·OH + ·H 

0· 

H,O -+ O=P(-0-C,H,), + ·OH 
I 
OH 

·OH + O=P (-0-C,H,), O=P(-0-C,H,), + ·OC,H, 
I 
OH 

The latter is thought to be predominant in total degradation of 

TBP"'. Brodda et al. stated that the degradation of TBP was 

initiated by OH as a radiolytic product of water from the hydrous 

form " ' . This is based on the resu It that an increase in the 

concentration of HNO ,, by which hydrated H,O would be replaced, 

decreased the degradation of TBP. C I ay et a I. reported on the 

degradation of TBP in nitric acid solution where the chemical 

attack was also primarily due to the radiation-produced OH 

radicals and the degradation was influenced by the presence of 

HNO,'' ' · However , he suggested that HNO , acted differently as an 

OH scavenger for the degradation in aqueous solution. This 

implies that the degradation products of TBP in a single aqueous 

phase could be different from those in an organic phase or an 

- I 0 -

organic/ aqueous system. No further study on the TBP degradation, 

especially applicable for the practical aqueous solut ions of the 

nuc I ear fue I reprocessing, has been reported. A I though the G

values of the formation of degradation products of TBP in several 

systems involving many discussions were reported and summar ized ' ' . 

only one paper by Becker et al. showed the G-value of TBP 

degradation in pure water or aqueous nitric acid solution'' ' · 

That, however . cannot be directly applied to the practical 

solutions including e. g., plutonium or FP metal - ions. because the 

indirect degradation by rad icals should be influenced by some 

species invo lved 

It is known for the control of hydrogen generated from highl y 

radioactive solutions that hydrogen composition in the gas phase 

must be kept at I ess than 4. 1 vo I. %. The G(H,) for gamma 

radiation reported by Mahlman" · 271 has often been used for 

safety evaluations. The safety of the processes of concern has 

been guaranteed in practice by maintaining appropriate 

ventilation, taking into account the G-value. A lower G-value for 

the PUREX reprocessing solutions is expected from the radiation 

chemistry, taking into account the various species involved. The 

typical G-values for gas generation in the nitrate systems 

reported are summarized in Table 1. 1. It can be seen that the G

values in the practical high beta, gamma- radioactive waste 

solutions were considerably lower than those in laboratory 

- I I -



Table 1.1 Hydrogen (oxygen ) yield from 

Isotopic total [nitrateJ (M) G(H,) 
source (G(O, )) 

r ( ' ' Co ) 2. 0 0. 05-0.06 

t3r (FP ) 0. 08 0. 2 

t3 T (FP ) 5. 2 1.4x1o-• 

a (Pu ) 1. 0 ca. 0. 25 
5.8 (0. 03 ) 

a (Pu ) 1. 0 ca. 0. 37 
6. 1 (0. 03 ) 

a ('" Po ) 1. 0 0. 45 
6. 0 (0. 75 ) 

a ( '"Cm ) 1.0 0. 44 
5. 6 (0. 75 ) 

a (Put'' 'Cm ) 10. 1 (0. 94 ) 

- 1 2 -

nitric acid solution 

Remarks Literature 
cited 

27 

HCOOH added 28 

4 em (height ) 29 

30 
not agitated 

31 
not agitated 

32 
not agitated 

33 
agitated 
agitated 33 

experiments '' ' · The height of the solutions in the pract ical 

system was found to contribute to the decrease in G-value '' ' · 

Although this may be due primarily to the reaction between 

molecular hydrogen and OH radicals"''", no evidence has been 

given. Hydrogen generation by gamma radio I ys is, inc I ud i ng that 

observed in nucl ear fuel reprocessed waste solutions, was 

summarized by Specht " ' · The hydrogen generation by alpha 

radiolysis in nitric acid solutions was investigated for 

pI uton i um " · 3 1 ' , cur i um-244 " ' and poI on i um-21 0" ' . Weiss et a I. 

summarized the reported G-values for plutonium'' ' · As can be seen 

in Table 1. 1. the G(H,) values with ' "Cm ( 210 Po ) were 

consistently higher than that with plutonium, as Bibl er '' ' 

pointed out , but a further discussion was not given. He al so 

studied the mechanism of oxygen generation in alpha rad iolys is, 

where he showed disagreed results with others' 30
· 

31
' . No 

information about the effect of solution height in PuN solutions 

has been reported, although less effect of solution height is 

expected to be observed in alpha radiolysis because of the lower 

OH radical density than that in gamma radiolysis. 

Besides the investigation of the characteristics of highly 

radioactive process solutions mentioned above, the study of 

analytical techniques for constituent species/ elements/ nuclides 

has been a basic issue for the characterization of the solutions 

of interest. The determination methods for some of important 
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items, however , have not been establ ished. The incompleteness of 

the analytical techiques in this field may be due primarily to 

the extremely high radioactivity in addition to the difficulty in 

hand I ing. 

1. 2 Contents and Significance of this Study 

The studies on the characterization of highly radioactive 

solutions stated above are situated at positions in the safety 

evaluation of PUREX reprocessing as summarized in Fig. 1. 1, from 

which required and remain ing items for the safety study on PUREX 

reprocessing can be found. 

It is obvious from Fig. 1. 1 that the above-mentioned 

establishment of analytical techniques is essential for the 

characterization. The determination methods for some of 

important but incomplete items for the highly radioactive 

solutions are first of alI dealt with in this study as Part 

(Chapter 2 - Chapter 5). 

Yttrium-90 in HRLW solutions of reprocessing is a predominant 

exothermic nuclide, bearing nearly half of the energy evolved in 

the solution from the spent fuels cooled for several years, so 

that determination of " Sr , present at radioactive equi I ibrium 

with " Y. is of importance for the calorific evaluation of the 

HRLW solution. Difficulties in the determination of 90 Sr arose in 

- 1 4 -

SAFETY EVALUATION FOR PUREX 
REPROCESSING PROCESS 

CHARACTERIZATION OF PROCESS SOLUTIONS 

.... STUDIES . REOU i RtD 

FORMATION CONDITION 

COMPOSITIONS OF ORG. PHASE 

DECOMPOSITION REACTIONS 

HYDROLYSIS OF TBP 

RADIOLYSIS OF TBP / DILUENT 
IN ORG. PHASE 

RADIOLYSIS OF TBP IN AO. PHASE 

I DISSOLUTION OF TBP IN AO. PHASE 

ESTABLISHMENT OF ANALYTICAL 
TECHNIQUES FOR SOLUTIONS 

RADIOLYSIS OF WATER 
IN {3 T SYSTEM 

RADIOLYSIS OF WATER 
IN HRLW 

RADIOLYSIS OF WATER 
IN PUN ( a SYSTEM ) 

~ EARLIER STUDY 

THIS STUDY 

Fig. 1.1 Systematic description of studies on characterization of 
highly radioactive solutions in safety evaluation of PUREX reprocessing. 
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the requirement of its complete separation/ recovery because ''Sr 

(''Y) emits only beta rays. The methods proposed in the earlier 

studies. which might be applied for HRLW solution. take long time 

for the isolation of ''Sr and for reaching radioactive 

equi I ibrium of ''Sr-'' Y. A simple and rapid determination method 

of ''Sr in HRLW solution that can easily be applied for the 

practical field is described in Chapter 2. 

The species as major ingredients may chemically characterize 

the solutions of concern. The determination of the elements of 

high fission yield in highly radioactive solutions is of 

importance in this regard. Although the separation and measure

ment methods for almost alI the elements have been established. 

the determination of technetium (''Tc ) has not been reported. 

Chapter 3 describes the study of the determination of technetium 

(''Tc) in highly radioactive solutions. Since ''Tc emits low 

energy beta rays which requires highly pure ''Tc for measurement , 

a I te rnat i ve method, inductive I y coup I ed pI asma emission 

spectrometry ( ICPES ). was employed for the measurement because 

ICPAES does not require strict isolation of ''Tc. 

From the same respect as the technetium, the precise 

determination of plutonium for each oxidation state is an 

important issue for the chemical characterization of plutonium 

solution. New analytical techniques for the above requirement 

have been developed. The application of control led-potential 

coulometry to plutonium. regarded as the most precise 

- 1 6 -

determination technique for elements having an electrochemically 

reversible couple. is described in Chapter 4. Spectrophotometric 

study for determining the oxidation states is also shown in 

Chapter 4. 

The determination of TBP and DBP in the solutions of interest 

is absolutely necessary to investigate the characteristics of 

the solutions relating to the formation of organic phase. The 

methods commonly used for the this requirement were time

consuming and difficult to apply to highly radioactive samples. 

Chapter 5 describes a simple determination method for TBP and DBP 

in the highly radioactive solutions by gas chromatography which 

does not require any troublesome preparation. 

The important radiolysis occurring in the PUREX reprocessing 

can be considered the radiolysis of organic materials used for 

the chemical extraction and of water in the aqueous nitrate 

so I uti ons based on the discussion given above. As stated in 1. 1. 

the radiolysis of TBP. as the principal organic material in the 

PUREX reprocessing, has been dealt with for over three decades. 

Those are. however. mostly the radiolytic studies on the organic 

phase or the mixed organic/ aqueous phases. The radiolysis of TBP 

in aqueous reprocessing solutions is required for the research 

concerning the safety of processing highly radioactive solutions. 

The study of the formation of the organic phase of TBP complexes 

applicable to the practical reprocessing solution system is of 

- 1 7 -



importance to know precisely the phenomena which could occur in 

PUREX although the formation never occurs in practical plants 

taking some protections. The mechanism/ formation conditions and 

the properties of the organic compounds have already been 

determined as stated in 1. 1. The chemical degradation (hydrolysis) 

of TBP in aqueous nitrate solutions has also been elucidated ' · ' " 

Since the concentrations of not only TBP but its degradation 

products such as DBP would be essential for estimating the 

formation of the compounds, the remaining studies to be required 

are i) how TBP degrades radiolytical ly in aqueous nitrate 

solutions of reprocessing, and i i) how much TBP can contaminate 

the solutions of interest, as shown in Fig. 1.1 . The former study 

would provide information on the rate of TBP degradation 

occurring in the solutions before evaporation, and also the rate 

of formation of degradation products is expected to be known. As 

for the latter study, on the other hand, the information on the 

possible sol ubi I ity of TBP and on the appearance of an organic 

phase accompanied by concentrating solution is expected to be 

obtained. With respect to the degradation products of TBP in 

aqueous nitrate solution, the expected major product, HDBP, is 

formed by attack at the alpha-carbon position'' ' of TBP as shown 

below. 

OH t C,H. -0-P(-0-C ,H.) , 
II 
0 

C,H ,CH,CH·-0-P(-0-C,H 0 ) 2 
II 
0 
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The addition of oxygen to the radical site results in the 

decomposition of the TBP radical into DBP in the presence of 

oxygen'". However, the other TBP rad i ca Is. name I y having 

radical site at beta or gamma carbon position are also probably 

generated in some conditions. These TBP radicals must react in 

a different way. This may produce a lower yield of DB~ The 

investigation of the formation of DBP and other degradation 

products of TBP in aqueous solutions is of significance from this 

viewpoint. 

The radiolysis of water is another important issue on the 

safety eva I uat ion of reprocessing, as can be seen from Fig. 1. 1. 

Although the results of earlier studies on the radiolysis by 

gamma radiation are almost consistent , those on alpha rad iolysis 

do not always show good agreement, for exampl~ the consistent 

difference in G(H ,) between plutonium and Cm/ Po and the 

disagreement of G(O, ) in the earlier reports as shown before. 

Moreover . we have a lack of information on the effect of solution 

height on alpha radiation. 

This dissertation deals with the radiolysis of dissolved TBP 

and water in highly radioactive aqueous solutions in Part 2. 

The highly radioactive solutions relating to the processes of 

evaporation/ storage dealt with in this study are i) PuN solutions 

and i i) HRLW solutions. Chapter 6 focuses on the solubi I ity and 

the dissolution property of TBP in both the solutions ; whereas, 
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the radiolytic studies of TBP in the solutions of PuN and HRLW 

are described in Chapter 7 and Chapter B. respectively. The 

formation of degradation products in the aqueous solutions is 

also discussed in Chapter 8. Studies on the remaining problems on 

hydrogen/ oxygen generation shown above are required for a more 

precise evaluation of gas generation in reprocessing solutions. 

Hence, the generation of hydrogen and oxygen from PuN solutions, 

especially focusing on the specific problems mentioned above was 

studied and its results are shown in Chapter 9. 

- 20 -
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PART 1 

STUDIES ON ANALYTICAL TECHNIQUES FOR 

HIGHLY RADIOACTIVE SOLUTIONS 

-2 4 -
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CHAPTER 2 

DETERMINATION OF STRONTIUM-90 IN HIGHLY RADIOACTIVE 

LIQUID WASTE SOLUTION 

2. 1 INTRODUCTION 

Determination of ''Sr in HRLW solutions is of importance for 

the calorific evaluation due to ''Y as mentioned in Chapter 1. 

Simple and rapid determination for ''Sr in HRLW solutions is 

required because most of the determination ways taking long time 
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for the isolation of ''Sr and for reaching the radioactive 

equi I ibrium of ''Sr-''Y are not appropriate for the analytical 

method in a practical reprocessing field. 

Numerous methods have been reported for the determination of 

radio-strontium in biological / environmental samples. Very few 

methods for determining ''Sr in HRLW solutions, however, have 

been pub I ished. Many efforts have been made for the separation 

and purification of Sr . Those that showed satisfactory results 

needed long processing times. The precipitation methods '· ' l 

require repeated operations for good recovery of Sr. while ion 

exchange procedures ' · 4
) , moreover , require careful pH adjustment. 

Extractions 5 - ' 4l are frequently used for the separation of radio

strontium, although use of an organic solvent in a hot eel I is 

undesirable for remotely control led analytical operations with a 

manipulator . Most of these procedures are to separate Sr from 

calcium which may interfere with the subsequent beta-counting. 

Recentl~ the use of dicyclohexano-18-crown-6'-' l and dibenzo-18-

crown-6 ' ) have been proposed for Sr separation from calcium. 

However , these can not be applied to highly acidic solution 

samples. In addition, Sr picrate used in these methods is 

restricted in nuclear faci I ities from a safety viewpoint. An 

improvement has been made by Horwitz et al. IO l ; they reported a 

method using crown ether which can extract Sr from nitric acid 

without using picrate. This method, however, requires the 

additional separation of actinides prior to Sr recovery when 

-26 -

applied to HRLW solutions. Di -2-ethylhexyl phosphoric acid 

(HDEHP). proposed"-" ) to selectively separate Y also may not 

perform the separation of ''Y in the samples of interest with a 

single extraction procedure. 

One advantageous chemical property of Sr is that Sr is not 

precipitated in alkaline, where most metal ions are precipitated. 

HRLW solutions have a high concentration of ''Sr. which can 

also be advantageous to achieve a rapid determination because a 

relatively large amount of ''Y can be generated in a short 

waiting time after the separation of ' ' Sr. Cerenkov radiation 

counting may be the most appropriate method for the samples of 

''Y containing inactive impurities because ''Y emits high-energy 

beta particles. In the present work, a rapid determination method 

for ''Sr in HRLW solutions with the above advantages has been 

studied. 

2. 2 EXPERIMENTAL 

2. 2. 1 Reagents and Apparatus 

Radionucl ides such as ''Sr and ' 47 Pm were purchased from 

Amersham Corporation. AI I other reagents were of analytical 

reagent grade. The HRLW solution used was obtained from the Tokai 

Reprocessing Plant. 

AI I counting was done with an ALOKA LSC-1000 Liquid 
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Scintillation System. 

2. 2. 2 Procedure 

A carrier solution containing inactive Sr and ferric nitrates 

is added to an a! iquot of diluted HRLW solutions. A hundred times 

di !uti on of an original HRLW solution corresponding to the order 

of 10 ' Bq/ml, which would provide a high count rate for the 

Cerenkov radiation counting even for measuring ''Y generated in a 

short grow- in time, would be appropriate. Sr is left in the 

supernatant after ''Y, uranium. plutonium and many other major 

fission products (FPs ) are precipitated with 25-28% ammonia water . 

Minor FPs such as ruthenium would also be coprecipitated with 

ferric hydroxide during the same stage. The supernatant is 

filtered off . the selective prec ipitation of strontium carbonate 

with the addition of ammonium carbonate '" follows. The 

precipitate is packed in the bottom of a plastic vial (10 mm~. 

40 mmh) directly or after being dissolved in nitric acid solution, 

and then surrounded by stainless steel. This sample is placed in 

the center of a glass vial (20 mm~ . 40 mmh ) fi lied with water . 

''Y which has freshly grown- in during the operation/waiting time 

of approximately two hours after the precipitatio~ which should 

be exact I y recorded, is measured by Cerenkov radiation counting. 

The concentration of ''Sr is finally calculated from the ''Y 

found and the grow- in time. The detailed procedure is given in 

Fig. 2. 1. 
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Take an al iQJOt (1 ml of lfl..W) 

Dilute to 100 ml 

Take an al iQJOt (1 ml) 

Add 50 mg Sr carrier, 50 mg Fe carrier 

and 10 mg Y carrier. 

Adjust pH>10 with ttj,(li 

Stir and leave for 5 min and 

remove precipitate with JIS-5C fi Iter 

Add 2 ml of saturated (ttj,),OQ, 

(record time) 

Obtain precipitate using JIS-5C filter 

and pack it in plastic vial 

(surrounded by 0.2 mm stainless steel+ water) 

Measure 5 min (record time at 2. 5 min) 

~rate in 

shielded cell 

~rate in 

glove box 

Fig. 2 1 "S 1 · · r samp e preparation for Cerenkov radiation counting. 
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2. 3 RESULTS AND DISCUSSION 

2. 3. 1 Decontamination of FPs and recovery of ••sr 

Potentially interfering diverse nuclides present in HRLW 

during the Cerenkov radiation counting of ••v generated after 2 

hours grow- in time were estimated using the activity ratio of 

each FP to ••v and the counting efficiency of beta particles of 

each FP. This method assumed that ••Sr is quantitatively 

recovered and that no chemica I separation of each FP was made. It 

was found that the ten nuclides shown in Table 2. 1 had to be 

removed for ••sr determination in the typical HRLW. Table 2. 2 

shows the effect of alkaline precipitation in the presence of an 

iron carrier on the removal of interfering nuclides. The 

decontamination factors of FPs by a combination of alkaline 

precipitation and carbonate precipitation are also given in the 

table. It is obvious that the coprecipitation with ferric 

hydroxide effectively functions for the quantitative separation 

of Ru. Cs, Ce. Pm and Eu. 1 0 'Rh decays to a neg I i g i b I e activity 

within 2 hours after 10 ' Ru is precipitated. Decontamination of Pr , 

Sn and Sb with the proposed procedure is confirmed with natural 

elements using ICP spectroscopy. The decontamination factors (DFs) 

of these were better than 10 '. although worse DFs were obtained 

without coprecipitation with ferric hydroxide. It can be 

concluded that the FP nuclides involved are decontaminated to 

- 30 -

Table 2.1 Estimate of interfering diverse nuclides with the counting 

of "Y generated in grow-in time (2 hr) 

Interference nuclide '' (Error %" ' ) 

Sn 3), I' 'Sb(5 ), I • 'Cs( >100), I • 'Cs(>100) I O 'Ru-' O 
1 ~(>100), I IS ( 

1 "Ce- 1 "Pr(>100), 1 "Pm(41), "'Eu(60) 

a) Estimated from the table of fission yield of 100ot.Me PWR, 3-year

i r radiation I •1, ha I f-1 i ves and {3 -energy emitted, asSl.lll i ng that 

the ratios of relative efficiency of Cererkov counting to that of 

"Y(2.3MeV) are 10- '. 10- '. W 1 and 1 for <0.1MeV. 0.1~.5MeV, 

0.5-1MeV and >1MeV, respectively"!. 

b) Error(") is given relative to "Y generated in 2 hoors from "S r. 

Calrulated for 1000-day-cool ing time. t-Lcl ides not shown in the 

above table interfere with less than 0.5" of ••y 
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Table 2. 2 Decontamination factors ([fs) of FPs ard recovery of Sr in 

1)alkaline precipitation ard in 2)both precipitations by alkaline/ 

carbonate of proposed scheme 

t-Lcl ides IOIRu 1 "Cs I liCe 1 ''Eu "Y "Sr 

Initial 2. 4x10' 7. 1x10' 3. 8x10' 
,, 6.0x10' 3. 7x10' 3. 7x10' 

cone. (Bq/m I ) 

[f/recovery >1. 6x10' 1. 7x10' 2. 5x10' >5. Ox10' 3. 2x10' >1. Ox10' 0. 96±0. 04' ' 

in 1) 4. 4x10'" ' 2. 5x10' "' 1. 5x10'"' 1. 1x10 1 
" ' 2. Ox10' "' 0. 96±0. 03"· ,, 

[f/recovery >1. 6x10' 5. 9x10' 2. 9x10' >5. Ox10' >4. 8x10' >1. Ox10' 0. 96±0. 04'' 

in 2) 

a) Examined in synthetic HRLW solution containing 10' Bq/ml of 111

~ 

b) Coprecipitation stage with ferric hydroxide was excluded. 

c) Calculated from 3 repeated runs. 
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neg I igible levels for Cerenkov radiation counting of ''Y 

generated after 2 hours grow- in time by the proposed chemical 

procedure. 

A good recovery of 90 Sr was also observed in Table 2. 2. It was 

confirmed that ''Y freshly grown after alkaline precip itation was 

not precipitated during the carbonate precipitation stage of Sr . 

This indicates that the grow- in time of ''Y should be counted 

from the moment of carbonate precipitation. 

2. 3. 2 Cerenkov Radiation Counting for ''Y Generated During Grow-

in time 

''Sr recovered as a precipitate was dissolved in nitric acid 

solutions for Cerenkov radiation counting. The effect of acidity 

on the count rate is given in Fig. 2. 2. where a slight difference 

in acidity of the solution influences the count rate. The 

relation between the count rate and the concentration of ''Sr 

during the direct counting of the Sr precipitate packed in a 

plastic vial surrounded by water is also given in the same figure . 

This relation indicates that the precipitate provides a stable 

and reproducible result although the precipitation must be 

carefully placed at the same position in the vial. Taking into 

account the possibi I ity of color quenching by some ions, which 

could be observed at the resolution of the recovered precipitate. 

the direct measurement with precipitate proves to be advantageous. 

The count rate (C) at time (t) in the Cerenkov method due 
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Fig. 2.2 Effect of acidity of sample solutions on Cerenkov radiation counting. 

I: 90Sr-9<y dissolved in 0.8M HN03 • 2: 90Sr-90Y in l.OM HN03, 3: 90Sr-90Y in 

1.2M HN03, 4: 90Sr-90y precipitate. a: 90y generated from 90Sr for grow-in 

times of 4 hrs for lines 1-3 and for 2.5 hrs for line 4. All were measured 

without stainless steel cover. 
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mainly to •o y freshly grown from separated 90 Sr before its 

radioactive equi I ibrium is given by Eq. ( 1). 

C=[ " Sr][f , ·exp( -f... , t )+{ f , · f... ,/( f... ,- f... ,) ) 

· {exp ( -f... , t ) -exp(- f... , t )}] ( 1) 

where [ 90 Sr ]. f ,. f ,. f... ,. f... , are, respectively, the 

radioactivity of " Sr . efficiency of 90 Sr and •o y in Cerenkov 

radiation counting, and decay constants of " Sr and " Y. The 

count rate at radioactive equi I ibrium of " Sr/" Y is given by Eq . 

( 2). 

C = ["Sr ]( f , t f ,) (2) 

The low energy beta particles from 90 Sr are expected to be 

completely shielded by a 0. 2mm stainless steel cover . Figure 2. 3 

shows C versus 90 Sr radioactivity at 3. 5 hours after Sr 

separation and that at radioacti ve equi I ibrium. The efficiencies, 

f , and f ,. were obtained. respectively, to be nearly zero and 

3. 80x10-' from the two straight I ines fitted to Eq. (1) and Eq. ( 2). 

The activ i ty of 90 Sr at time t (hr ) can be expressed as follows. 

[ " Sr (Bq)] = C I [{f , ·f... ,/( f... ,- f... ,) Hexp(- f... , t )-exp(- f... , t )}] 

= C(cps ) I 1 80x1Q-'{ exp(-2. 75x1Q -• t ) - exp(-1. 08x10-' t )) (3) 
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Fig. 2.3 Relation between count rate and radioactivity of precipitate. Both lines 

were obtained with 0.2 mm stainless steel cover. I: 90Sr-90Y radiative 

equilibrium, 2: 90Y generated from 90Sr for grow-in time of 3.5 hrs. a: given in 
90Sr activity originally contained. 
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The Cerenkov radiation counting for ''Y-''Sr with the proposed 

procedure thus showed a I inear relationship in the range of 10 to 

3x10 ' Bq/ vial with a regression coefficient of 0. 999. which 

implies that the grow- in time of ''Y for a proper measurement 

must be less than three hours when the dilution factor of HRLW 

(-10 ' Bq" Sr / ml ) is a hundred as given in Fig. 2. 1. 

2. 3. 3 Validity of Proposed Procedure 

The validity of the proposed procedure for ''Sr in the 

practical HRLW solutions was confirmed by two approaches. The 

time-course of the count rate of the sample prepared from a 

diluted HRLW solution plotted in Fig. 2. 4 is in accord with the 

curve obtai ned from Eq. (3) with the average content of " Sr 

(( 3. 20 :±: 0. 07 )x10 ' Bq/ vial ). This would be evidence for the 

validity of the proposed procedure, because the curve should 

deviate from the relation given in Eq. (3) in case the sample is 

contaminated by other FPs. 

Another approach was taken using the method of standard 

addition, by which the accuracy of the method would be confirmed. 

The concentrations of additional ''Sr found are in good agreement 

with ''Sr added within 2% at 10 ' Bq/ vial as shown in Table 2. 3. 

The error due to the correction of grow-in time (from the time of 

strontium carbonate precipitation to that of the intermediate 

moment of counting period ) was estimated to be less than 1% when 

a 2-hour grow- in is employed. 
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Fig. 2.4 Time-course of Cerenkov radiation counting for 90Sr separated from 

HRL W solution. Plots are measured data and solid line shows theoretical curve 

described by Eq. (3) with average concentration of 90Sr calculated from the plots. 
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Table 2. 3 Determination of "Sr ad::ied in 1-R.W sooples' ' 

"Sr ac±led (Bq/m I) ''Sr frurx:J (Bq/ml )"' 

9.9x10' (9. 5±0. 5)x10' 

1. 98x10' (2. 00±0. 1)x10' 

3. 96x10' (3. 92±0. 2)x10' 

a) "Sr originally present in the 1-R.W s~le was 

adjusted to 4. OxlO' Bq/ml by dilution because 

"Sr standard available for the addition was 

I imi ted. ftl further dilution was made after "Sr 

standard was added. 

b) "Sr originally present was excil.ded. Mean 

value±av. dev. for two results. 
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The procedure was reproducible to approximately 4. 1% on 5 

repeated independent determinations (5 min. counting each) for 

the practical samples (-- 10 ' Bq/ vial ). 

2. 3.4 Application for HRLW Solutions Hav ing a Short Cooling Time 

The proposed method is avai !able for the determination of ••sr 

in typical HRLW solutions with 1000 hours of cooling time. The 

influence of other FPs should be considered if the waste solution 

having a shorter cooling time is used. When the cooling time is 

presumed to be 150 days, 95 Zr , 11 omAg, 11 0 Ag, 140 Ba, 160 Tb and 

140 La would only slightly interfere with the method, taking into 

account the DFs previously discussed. The minimum cooling time in 

which the above method is directly applicable with an error of 

less than 0. 5% was estimated to be 200 days from ' ' 0Ba, based on 

the same approach shown in Table 2. 2. since Zr, Ag, La and Tb 

were confirmed to be removed as precipitates. 

- 4 0 -

2.4 SUMMARY 

A method for simply and rapidly determinating ''Sr in HRLW 

solutions from nuclear fuel reprocessing has been established. 

The majority of FPs including ''Y are precipitated in an alkaline 

medium leaving ''Sr in the supernatant in the presence of 

inactive strontium as the hold-back carrier. ''Y freshly grown-in 

from the "Sr is measured by uti I izing Cerenkov radiation 

counting technique with stainless steel shielding 0. 2 mm thick 

that cuts off any low energy beta particles, after strontium is 

recovered as a carbonate precipitate from the supernatant. Only 

two hours is sufficient for ''Y grow-in because the large amount 

of "Sr can be present in the final precipitation. The 

concentration of '' Sr is calculated from the '' Y detected and its 

grow-in time. The nuclides potentially interfering with this 

method, '' 'Ru, ' ''Cs, ''' Cs, '' 'Ce, '' 'Pr, ' ' ' Pm, '''Eu, ''' Sn 

and ''' Sb, are quantitatively removed by co-precipitation with 

ferric hydroxides during the alkaline precipitation stage. The 

relative standard deviation (n=5) is better than 5~ The time 

required for one determination is less than three hours. 

- 4 I -



REFERENCES 

1. We i ss, H. V. and Shipman W. H.: Anal. Chern .. 29. 1764 ( 1957). 

2. Four i e. H. 0. and Gh i j se Is. J. P. : He a I th Phys. 17. 685 ( 1969 ). 

3. Noshk in. V. E. and Matt , N. S.: Talanta, 14. 45 ( 1967). 

4. Porter , C. R . . Kahn. B., Carter , M. W., Vehnberg, G. L. and 

Pepper . E. W. Environ. Sci . Techno I. , 1. 745 ( 1967). 

5. Kimura, T. . I wash i rna, K. . Ish i mo r i , T. and Haguch i , H. : Chern. 

Lett . , 563. ( 1977 ). 

6. Kimura, T. . I wash i rna, K. . Ish i mo i and Hamada. T. : Ana I. Chern .. 

51 . 1113 ( 1979). 

7. Vaney, B. . Friedli . C .. Geering, J. J. and Lerch, P. J. · 

Radioanal. Nucl. Chern. 134. 87 ( 1989). 

B. Mohite, B. S. and Khopkar, M. K.: Anal . Chern .. 59. 1200 ( 1987). 

9. Smu I ek, W. and J. Lada, W. A. : Rad i oana I. Chern. . 50. 169 ( 1979 ). 

10. Horwitz, E. P .. Dietz, M. L. and Fisher. D.E.: Anal. Chern. 63. 

522 ( 1991 ). 

11 . Pet row, H. G. : Ana I. Chern. . 37. 584 ( 1965 ). 

12. Testa, C. and Santo r ia, G: Energ. Nucl. 17. 320 ( 1970). 

13. Borgen, D. C.· Health Phys. , 14. 131 ( 1968). 

14. Kramer, G. H. and Davies, J. M.: Anal. Chern. 54. 1428 ( 1982). 

15. Benedict , M. , Pigford. T. H. and Levi . A. W.; "Nuclear Chemical 

Engineering" , McGraw-Hi II Inc . . 1981 . 

16. Japan Society for Ana I yt i ca I Chern i st ry ( ed. ), "Bunsek i kagaku -

- 4 2 -

binran (Handbook of Analytical Chemistry, in Japanese)", p132. 

Maruzen, Tokyo, 1991 . 

17. Ishikawa, H.: "Measurement Method for Liquid Scintillation" , 

Nanzando, Tokyo, 1977. p160. 

- 4 3-



3. 1 INTRODUCTION 

CHAPTER 3 

DETERMINATION OF TECHNETIUM 

IN HIGHLY RADIOACTIVE SOLUTION 

The fission yield of technetium-99 amounts to about 6%. Its 

content in the spent fuel of a I ight water reactor is about to 

be 0. 1% by weight " . In a reprocessing process of the spent fue I. 

most technetium exists in HRLW solutions. The determination of 

- 4 4 -

this sort of major element in HRLW solution is of importance for 

the discussion on the chemical characterization of the solution, 

as mentioned in Chapter 1. A certain amount of technetium is also 

present in the insoluble residue and some in the product streams 

of plutonium/ uranium. The investigation on technetium behavior is 

another impo rtant issue for the sound operation of a large-scaled 

reprocessing plant. There remain many problems to be solved in 

the behavior of technetium in such a plant " . Technetium works 

as an unfavorable catalyst to decompose hydrazine being added to 

the plant streams to scavenge nitrous compounds ' ' · Though a few 

examinations ' · ' · ' ' about the technetium behavior in reprocessing 

have been made on a laboratory scale, a deta i led investigation 

has not been done for a large-scaled reprocessing of a I ight 

water reactor fuel. This delay is mainly due to the difficulties 

in its separation from the fission products (FPs ) and heavy 

meta Is. 

Several methods have been reported for the determination of 

technetium, including the separation from FPs. Technetium was 

separated from FPs and precipitated as tetraphenylarsonium 

pertechnetate in the presence of perchlorate ' ' However, it is 

difficult to perform the precipitation and the dissolution of 

technetium by a remote operation in a hot cave. Among various 

solvent extraction methods, the use of such extractants as 

tertiary amines or quarternary ammonium salts seems to be most 

efficient for the separation of technetium from FPs ' · 7
·" Under 
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the conditions suitable for the separation, however. plutonium is 

co-extracted. Ferguson and Kyff in" suggested that the 

precipitation of the heavy metals and the co-precipitation of 

certain FPs in alkaline media prior to the extraction were 

effective for the separation of pertechnetate, which is stable in 

both a I ka I i ne and acidic media. 

A chromatographic method using an ion exchange resin could be 

the most appropriate for the separation from the viewpoint of 

remote-controlled ope rat ion. Rimshaw•l has reported the needed 

conditions for the technetium separation with anion exchange 

resins in sodium hydroxide media. 

Almost complete separation of technetium is required before its 

radiometric, electrochemical or spectrophotometric measurement . 

The interference due to impurities in the case of the inductively 

coupled plasma emission spectrophotometry ( ICPES ) is much less 

than that for the other methods described above. Therefore, 

ICPES would appear most promising as a way to solve the 

difficulties involved in the complete separation of technetium 

from FPs. Although very few reports had been published on the 

determination of technetium by ICPES, the method has been 

introduced recently for technetium in the field of environmental 

ana I ys is' ' l. 

In this study, the separation of technetium based on the 

precipitation of diverse elements in alkaline media or on the 

anion exchange after the precipitation and the measurement of 
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technetium with ICPES have been dealt with to allow the 

determination of technetium in not only HRLW solutions but also 

other solutions of the reprocessing process. 

3. 2 EXPERIMENTAL 

3. 2. 1 Apparatus 

The inductively coupled plasma ( ICP ) spectrometer used and the 

operating conditions adopted are given in Table 3. 1. The ICP 

source was instal led in a glove-box of stainless steel, as 

iII ust rated in Fig. 3. 1, so as to prevent potentia I reI eases of 

radioactive elements; a spectrometer was separately set just 

beside the glove-box. The Emission spectrum was measured through 

a glass window of the glove-box. The fine particulates in an ICP 

exhaust stream were removed by filtration with high-efficiency 

particulate air filters inserted after a gas cooling device. 

3. 2. 2 Reagents 

Ammonium pertechnetate (Dupont Tc -99 in 1M HNO , , isotopic 

purity of 99. 00% ) was purified chemically by the anion exchange 

method '"· Other reagents were of analytical-reagent grade. The 

anion exchange resin used, 810-RAD AGl - XB. was 100-200 mesh and 

was conditioned to be nitrate form. 
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~able 3.1 Instrumental operating conditions 

I CP source Sh i madzu I CPS-2H 

Nebu I i zer 

Plasma operating power 

Argon flow rate 

coolant 

auxiliary 

carrier 

Observation height 

Integration time 

Spectrometer 

slit width 

Ana I y t i ca I I i ne 

Concentric glass nebulizer 

1. 2 kw 

10.5 1/min 

1. 5 1/min 

1. 0 1/min 

15 mm above load coi I 

20 s 

Shimadzu GEW-170 

50 f.1m - 6 mm 

Tc(l I) 261.00 nm 
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spectrometer 

Fig. 3.1 Inductively coupled plasma emission spectrometer enclosed in a 

glove-box. A, glove box; B, gas cooling device; C, inductively coupled plasma 

source; D, glass window; E, high-frequency generator; F, plasma torch; G, 

chamber; H,nebulizer. 
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3. 2. 3 Procedure 

Figure 3. 2 summarizes the procedures for the sample preparation 

suitable to the ICPES determination of technetium in various 

streams of a spent fuel reprocessing plant. Scheme (A) shows that 

for the plutonium product solution to be plutonium nitrate in 7M 

HNO ,, where technetium was left in the supernatant after the 

valency adjustment of technetium with 3% H,O,'' l and after the 

precipitation of the bulk of the plutonium with 25-28% ammonia 

water. The supernatant was introduced into the ICP source after 

its acidity was made 2M HNO , with concentrated HNO ,. The Tc I I 

261.00 nm I ine intensity was measured. Scheme (B) shows the 

procedure tor the highly radioactive samples such as the I iquid 

waste. the d i sso I ve r so I uti on and the aqueous phase after the 

solvent extraction. Those solutions were passed through the 

anion exchanger column (R-NO , form. 0. 5 mi . 5mm<l> ) after the 

valency adjustment of technetium and the precipitaion of diverse 

elements in the manner described above. The impurities were 

directly eluted and the resins were rinsed with weakly acidic 

med ia (1M HNO , ). After the elution of technetium with BM HNO, . 

the acidity of the eluate was adjusted to 2M HNO , with water . The 

technetium in the eluate was determined by the ICPES. Scheme (C) 

is for the organic phase after the solvent extraction. Technetium 

in the phase was back-ex tracted with BM HNO ,. The solution back

extracted was introduced into an anion exchanger column where 

I ittle pertechnetate was adsorbed, while heavy metals slightly 
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sample 

I 
adjust acidity 

to 1-2M HNO, 

oxidize with 

1ml of 3% H,O, 

adjust to pH 

9-1 0 with NH,OH 

I 
centrifuge 

I 
take an a I i quot 

from supernatant 

adjust acidity 

to 2M HNQ, 

I 
measure 

( A) 

anion exchange 

in R-NO, form 

I 
rinse with 

1M HNO, 

I 
elute Teo, -

with BM HNO, 

d i I ute to 2M 

HNO, with water 

measure 

( B) 

sample 

I 
back-extraction 

with 8M HNO, 

anion exchange 

in R-NQ, form 

elute Tco, 

with BM HNO, 

dilute to 2M 

HNO, with water 

measure 

( C) 

Fig. 3. 2 Tc sample preparation for ICPES. (A) : separation 

of Tc from other elements by the alkaline precipitaion, 

(B): separation of Tc by the alkaline precipitaion, 

followed by the anion exchange, (C): separation of Tc 

by the back-extraction from organic phase, followed by 

the anion exchange. 
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mixed in the back-extraction were adsorbed in the resins. The 

eluate containing technetium was introduced into ICP source after 

the acidity of the solution was adjusted to 2M HNO ,. 

3. 3 RESULTS AND DISCUSSION 

3. 3.1 Decontamination of Impurities 

Decontamination factors (DFs ; initial activity~final 

activity) of FPs. uranium and plutonium for the isolation of 

technetium by procedures (A), (B) and (C) in Fi~ 12 were 

sufficiently high, as shown in Table 3. 2. The DFs of the total 

FPs were estimated from those of the typical FP elements. Cs-137. 

Ce-144. Eu-155 and Ru-1 06 by ganrna - ray spectrometry. S i nee most 

ganrna -activities in the sample can be eliminated by procedure (B) 

in a hot cave. these results suggest that the determination by 

ICPES can be performed in the glove-box without special 

shieldings from ganrna- ray. 

3. 3. 2 Recovery of Technetium 

The recovery of technetium after procedures (A) and (B) was 

examined. Samples containing technetium and ten other elements, 

whose concentrations were about 100 times as high as that of 

technetium. were prepared for the experiment. Table 3. 3 gives the 

results obtained from 4 replicate determinations; these results 
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Table 3. 2 Decontamination factor (DF) 

Method' ' Sample DF 

(A) HRLW 1 X 10' 

FPs: app rox. 50g/1 (FP) . , 

/2M HNO, 

(B) Dissolver solution 1 X 10' 

U: approx. 200g/l (FP) . , 

Pu: approx. 2g/l >1 X10' 

FP: approx. 5g/l (U, Pu) 

/3M HNQ, 

(C) Pu product 2X 10' 

Pu: approx. 200g/l (Pu) 

/BM HNQ, 

a) (A)(B)(C) correspond to those in Fig.3, 2. 

b) DF on gamma activity 
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Table 3. 3 Recovery rate of Tc 

Method Sample Recovery rate(%) 

A I ka I i ne Tc 20 mg/1 101. 7 ± 2.0 

prec. ' ' /3M HNO, 

A I ka I i ne Tc 20 mg/1 97. 7 ± 2.4 

prec. + /3M HNO, 

ion exch. ' ' 

a)Sample contains following elements besides Tc; 

Fe, Ni, Cr. Mo. Ba, Ce, Na, Zr. Eu and Sm. 
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suggest that almost perfect recovery of technetium can be 

attained by the proposed procedures. The results also imply that 

no co-precipitation of technetium occurs during the procedures. 

in accordance with the results reported in ret 1 

3. 3. 3 Effect of Nitric Acid 

The effect of acidity on ICPES is shown in Fig. 3. 3(a). The 

degradation of relative emission intensity was within 10 % even 

when the neutral solution was changed to be 2M HNO ,. On the other 

hand. the smallest dilution factor of the eluent, which should be 

BM nitric acid, was needed to obtain a high response of 

technetium in ICPES. Two molar nitric acid was, thereby. chosen 

in the present work. Two molar HNO , was also employed to obtain 

the calibration curve of technetium in ICPES. 

3. 3. 4 Effect of Sodium Hydroxide and Ammonia Water 

Sodium hydroxide has usually been used for the separation of 

technetium by basic anion exchange resins" ; the effect of sodium 

hydroxide on ICPES was therefore studied and compared with that 

of ammonia. Sodium hydroxide seriously affects the emission 

intensity of technetium, but ammonia does not. as seen in Fig. 3. 3 

Ammonia seems to be avai I able for both separation methods ; the 

alkaline precipitation and the basic anion exchange. The 

separation of technetium with the anion exchanger based on the 

procedure (B) in Fig. 3. 2 from molybdenum. which is also adsorbed 
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Fig. 3.3 Effect of nitric acid (a), sodium hydroxide (b) and ammonia (c) 

on emission intensity of technetium. 
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in the exchanger from alkaline media and a major interference on 

ICPES of technetium, showed almost the same performance as that 

using 0. 5M sodium hydroxide instead of ammonia in the above 

procedure. 

3. 3. 5 Interference 

The effects of diverse elements on the determination of 

technetium (2 mg / 1) by ICPES are given in Table 3. 4. The 

impurities possibly present in the samples dealt with are some 

major FPs, uranium, plutonium, and corrosion products such as 

iron, nickel and chromium. Typical spent fuel , whose burn-up is 

assumed to be a round 3 x 1 0' MWDr ', inc I udes FPs at most 10 times 

as heavy as technetium. Since the FPs are repeatedly removed from 

the solution by the extraction with 30 % TBP in the Purex 

reprocessing, concentrations of FPs in the solution at the end of 

the reprocessing process are considered to be very I ow, about 

10-' times the concentration in the dissolver solution. Hence, 

there wi I I be no interference from FPs when the sample is the 

end-so I uti on in the process. However, for the samp I es 

including significant amount of FPs, such as the dissolver 

solutio~ the separation by procedures (A) or (B) in Fi~ 12 is 

required to avoid the interferences from FPs. Among FPs Ru ( IV ), 

Pd( l I) and Mo (VI ) may be accompanied by technetium in the 

separation because their distribution coefficients to the anion 

exchange resins in neutral solutions and solutions with various 
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Table 3. 4 Effect of diverse elements for 2 mg/1 of Tc 

(1) Ions which caused no interference at 500 mg/1 level 

Ag, Cs. Eu. Gd. La. Na, Ni. Se, Sm. Sr 

(2) Ions which caused no interference at 250 mg/1 level 

Cd, Cr. Pd. Rh. Ru. Sb 

( 3 ) Ions which caused no interference at 50 mg/1 level 

Ba. Ce, Fe, Nd, Te, U, Zr 

(4) Ions which caused no interference at 10 mg/1 level 

Mo. Nb. Sn. Pu 
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concentrations of nitric acid show the same tendency as that of 

technetium " '- Referring to Table 3. 4 and taking the 

concentrations of these FPs in the dissolver solution into 

account, we conclude that only Mo (VI ) could cause interference on 

the practical determination. Molybdenum in the samples is, 

however , expected to be sufficiently removed by the anion 

exchanger to perform ICPES of technetium. because the 

distribution coefficient of molybdenum to the anion exchanger is 

approximately 2 orders lower '' ) than that of technetium. The 

decontamination factors around 10 ' to 10 ' for uranium and 

plutonium given in Table 3. 2 indicate that technetium in the 

dissolver and that the product solutions can be isolated from 

these elements enough to perform ICPES of technet ium. 

The agreement in the results of ICPES on the practical samples 

measured at two different wavelengths, discussed later . also 

suggests that interfering elements were satistactor i ly removed 

before the ICPES of technetium. 

3. 3. 6 Detection Limit and Precision 

A I inear calibration curve was obtained tor the technetium up 

to approximately 10 mg / 1. The detection I imit (S/ N=3 ) was 0. 1 

mg/ 1. which is sufficient tor the practical requirements of 

technetium determination. although it was rather high because of 

the use of a glass window between the ICP source and the 

spectrometer. The relative standard deviations tor 10 replicate 
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measurements were 2. 2 %at 9 mg/ 1 and 4. 9 %at 0. 9 mg / 1. 

3. 3. 7 Determination of Technetium in Practical Samples 

The accuracy of the method was examined by analyzing practical 

samples to which known amounts of technetium had been added. The 

analytical results of the standard-added samples are given in 

Table 3. 5. The values found agreed wei I with the amounts added. 

Here, it should be noted that the results of ICPES detetrmination 

of technetium in a dissolver solution and in a plutonium product 

so I uti on at 261 . 00 nm agreed with that at 254. 32 nm, the second 

technetium emission I ine, within 3 %. These results imply that 

the analytical procedures proposed can be applied to the samples 

from the spent fuel reprocessing faci I ity with no serious 

interference. 
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Table 3.5 Determination of Tc recovered from radioactive 

samples 

Sample 

HRLW 

Dissolver 

solution 

Solv. ext. 

(Aqueous) 

Solv. ext. 

(Organic) 

Pu product 

Tc added (mg/1) 

51. 0 

31.2 

10. 4 

5. 2 

10.4 

Tc found (mg/1) •) 

50.6 ± 0. 7 

30.9 ± 1.0 

10.8 ± 0. 3 

5. 1 ± 0. 2 

10. 1 ± 0. 3 

a) Mean value ± av. dev. for 2 results. Tc content 

originally contained in samples was subtracted by 

measuring samples without addition of Tc standard. 

-6 I -



3. 4 SUMMARY 

This chapter describes the determination of technetium in 

solutions from spent fuel reprocessing processes. Inductively 

coupled plasma emission spectrometry ( ICPES ) was employed after 

alkaline precipitation and/ or anion exchange. Technetium in the 

form of pertechnetate is roughly separated from other elements by 

merely changing the acidity of the sample solution to make it 

alkaline. This works because most of the FPs are precipitated 

along with the heavy metals in an alkaline medium, whereas 

technetium is not. Technetium in some solutions from highly 

active processes is further purified with the aid of basic or 

weakly acid anion exchange after the alkaline precipitation 

mentioned above. The decontamination factors were found to be 

more than 10 ' and 10 ' for FPs and for the heavy metals, 

respectively. The amount of technetium separated is determined by 

ICPES, which measures the Tc I I 261.00 nm I ine without any 

significant interference. The relative standard deviations are 

2. 24% at 9 mg / 1 and 4. 9% at 0. 9 mg/ 1 of technetium. The proposed 

method has been applied to samples from various streams of the 

Taka i Reprocessing PI ant; the high I y active I i quid waste, the 

spent fuel dissolver solution, the aqueous phase of solvent 

extraction and the plutonium product solution. 
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CHAPTER 4 

PRECISE ANALYSIS OF CONCENTRATION AND OXIDATION STATES OF 

PLUTONIUM IN PLUTONIUM NITRATE SOLUTION 

4. 1 INTRODUCTION 

Precise determination of plutonium in concentrated PuN solution 

is important from the same respect as the technetium in Chapter _3. 

namely for the chemical characterization of the solution of 

interest . Unt i I recently, the AgO-Fe( II )-Cr(VI ) titration method " 
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had been used for this purpose. However , it became obvious that a 

few impurities contained in the plutonium product interfered with 

the titration method ' · ' ' · Yet it was found difficult to correct 

for the interference of the impurities because of poor 

reproducibi I ity of the interfering impurities in the titration 

method ' ' · Control led-potential coulometry, which is expected to 

be more accurate with less interference, can be an alternative 

method. 

The control led-potential coulometric determination of plutonium 

has been studied since the 1960L Earlier studies were reviewed 

and have been pub I ished" . In many reports, the Pu ( Ill )-( IV ) 

couple has been adopted to measure plutonium because of it s 

reversible redox reaction, while the Pu ( IV )- (VI ) couple has also 

been used to correct the interference of iron ' ' . which shou ld be 

contained in almost alI plutonium samples, because the 

differences in the potentials of Pu ( ll 1)-( IV ) and Fe( I 1)-( 1 I I) 

couples in electrolytes such as sulfuric acid and nitric acid are 

not sufficient for the separate electrolysis of Pu/F~ Use of 

hydrochloric acid as an electrolyte has been reported to increase 

this difference in potentials, and therefore it has been 

confirmed that plutonium can be determined in the presence of 

iron without any separation ' ' · This method, however , cannot be 

app I i ed in the actua I industria I fie I d because use of 

hydrochloric acid is restricted from the viewpoint of material 

corrosion A recent study ' ' shows that two different potential 

- 65 -



spans on the Pu ( l I 1)-( IV ) couple are effective to correct for the 

interference of iron, where the control of potential / current. 

however. does not seem to provide easy practical control. Very 

few applications of coulometry to plutonium in large scale 

reprocessing plants have been reported. This may be due to 

the delay in instrumentation and insufficient information on the 

effects of impurit ies in recovered plutonium in PUREX 

reprocess ing such as neptunium, americium and corrosion products 

of stainless steel such as iron, nickel and chromium. 

Determination of the oxidation states of plutonium is another 

important issue for the characterization stud~ Spectrophotometry 

seems to be the most appropriate method for this purpose. The 

mixed spectrum of plural oxidation state~ however . varies with 

the change in nitric acid concentration. MacKay et al. proposed 

a method of estimating the oxidation states of plutonium/ uranium 

mixture from the ratio of the specific peaks of the spectrum 

which functionally varies with nitric acid concentrationn In 

their proposed method the influence of nitric acid on the 

spectrum, however. cannot be estimated when uranium is not 

present together with plutonium. 

In the present study, the most appropr iate and practical 

application of control led-potential coulometry to the 

determination of plutonium in PUREX reprocessing product, 

including studies of the effects of impurities has been studied. 

Furthermore. a precise analytical method for determining the 
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oxidation states of plutonium by graphic operations on mixed 

spectra has been developed. The technique has also been extended 

to the dete rm i nation of mixed oxidation states of Pu ( Ill ). Pu( IV ), 

Pu (VI ). U( IV ) and U(VI ) 

4. 2 METHOD 

4. 2. 1 Apparatus 

A control led-potential coulometry system composed of 

electrolysis cell . a potentiostat (PAR Model 173 ) and the 

coulometer (PAR Model 179 ) was used for the determination of 

plutonium content. A gold electroplated platinum mesh electrode, 

a platinum electrode, and a calomel electrode were used as a 

working electrode. a counter electrode and a reference electrode, 

respective!~ The counter electrode was isolated from the 

electrolyte by a vycor frit . They were assembled in the 

electrolysis eel I and instal led in a glove box. The sample 

solution was stirred during the electrolysis, while nitrogen gas 

was passed onto the surface of the solution. The end point of the 

reaction was determined with a digital voltmeter by monitoring 

the current below the appropriate level . 

A spectrophotometer. HITACHI MODEL U-3410. capable of 

graphically handling plural spectra with HITACHI OS No. 1321000-

07. 1321000-07a, was used for the determination of the oxidation 
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states. A measurement cell (quartz glass. 10 mm pathlength ) 

instal led in a glove box was connected to the spectrometer with a 

quartz fiber. 

4. 2. 2 Procedure 

The Pu ( l I 1)-( IV ) couple and sulfuric acid electrolyte CO. 5M 

H,SO , t 0. 05M HNO , t a slight amount of sulfamic acid ) were 

chosen. although the plutonium product of a reprocessing plant 

generally contains a slight but significant amount of iron as a 

corrosion product. The control led-potential coulometry for 

plutonium using the reversible Pu ( l I 1)-( IV ) couple has been 

conducted based on the Nernst ' s equation ; 

E= Eo' t (RT / nF)-1 n [Pu ( IV ) ]/[Pu ( Ill )]. ( 1) 

where Eo' and Fare the redox potential of the Pu ( IV )-[ Pu ( lll ) 

couple ir a given system and the Faraday constant. The plutonium 

concentration is calculated as follows; 

[Pu] (X·M·D · f) /( F·Nc ). (2) 

where X. M. D. f and Nc are the coulomb number due to plutonium. 

the average atomic we ight of plutonium. the dilution factor of 

samp I e preparation. the i nst rumenta I factor and the theoret i ca I 

factor , respectively. The following theoretical factor . Nc. is 
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derived from Eq. ( 1). 

exp[ (Eox - Eo· )/k] 
Nc 

1 t exp[ (Eox - Eo· )/k] 

exp[ (Ered - Eo' )/k] 

1 t exp[ CEred - Eo· )/k] 

The electrode potentials used for the redox reactions are 

(3) 

necessa r i I y more than 0. 2V above and be I ow the Eo· in order to 

attain more than 99. 9 %electrolysis of the reversible reaction. 

The wide span of the redox potentials. from 0. 27V to 0. 72V vs the 

SCE. is used to quantitative I y count the cou I omb number of the 

iron reaction accompanied by that of plutonium. where the values 

of Eo' for Pu and Fe were observed to be 0. 51V and 0. 47V vs SCE, 

respectively. The measured value can therefore be corrected by 

subtracting the coulomb number due to the iron. The slight amount 

of iron contained in the plutonium was determined by spectro

photometry without any separation of iron. where the 

concentration of iron was measured at 508 nm by subtracting the 

absorbance due to plutonium after the color-producing reagent . 

o-phenanthrol ine. had been added. Two unkown parameters. the 

concentrations of Fe and Pu. were calculated from two 

simultaneous equations for the coulometry and the spectro

photometry. The background of the sulfuric acid solution was 

determined prior to the electrolysis and corrected. The 

measurement flow is given in Fig. 4. 1. 
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A procedure for the graphic operations of the spectra was 

studied for the determination of the oxidation states. The 

out I ine of the analytical scheme when both or either of plutonium 

/uranium is present in the sample is shown in Fig. 4. 2. The 

principal operations involved are as follows: 

1)Memorization of a single spectrum of each component. 

The spectrum of each single component . Pu(l I 1). Pu ( IV ), Pu (VI ), 

U( IV ) and U(VI ) is memorized prior to the graphic operations. 

The individual spectrum obtained by varying the nitric acid 

concentration is also memorized in the case where the component 

is dependent upon the concentration of nitric acid. Fig. 4. 3 

shows the dependence of nitric acid concentration on the 

spectra. 

2)Estimate of nitric acid concentration 

The concentration of nitric acid is estimated by the empir ical 

equations shown below, based upon the relation between the 

acidity and ratio (R) of the specific peaks, 415nm/ 427nm-U(VI ), 

480nm/ 650nm-U( IV), 812nm/ 409nm-Pu( Ill ) or 422nm/ 476nm-Pu( IV ). 

[H• ](M) 330(1ogR) ' - 94xlogR t 6 

[H•](M) 77R ' - 76R t 20 

[H• ](M) -& 1R t 11 

[H•](M) 34R - 8 

0. 5M;:::;[W];:;>5 5M 

415nm/ 427nm-U(VI ) 

480nm/ 650nm-U(IV) 

812nm/ 409nm-Pu( l I I) 

422nm/ 476nm-Pu(IV) 

The acidity can be roughly estimated from the original spectrum 

consisting of plural components or the spectrum obtained at the 
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Fig. 4.2 Outline of spectrum data processing flow. a) It is assumed that U(IV) and 

Pu(IV) can not be present simultaneously. b) Priority of the spectrum used for 

acidity estimate is as follows; U(IV) U(VI) Pu(IV) Pu(III). 
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in it i a I stage of the peak f itt i ng / subt ract ion shown be I ow. This 

acidity may sti II include a certain error. The acidity is more 

accurately estimated from the single spectrum of each component 

finally obtained by the following peak fitting / subtraction 

operat ion. 

3)Peak fitting/ subtraction 

A single spectrum is fitted to the specific peak of a sample 

spectrum showing less effect of the other components after 

multiplying the single spectrum by an appropriate factor, which 

is then graphically subtracted from the spectrum of the sample. 

The single spectrum used is the spectrum for acidity 

corresponding to that estimated by the above method. The peak 

fitting / subtraction operation is applied successively for the 

remaining spectrum in the same manner unti I the original 

spectrum is completely divided into each single spectrum. The 

same operation is performed repeatedly from the initial stage 

using Jhe acidity obtained from the accurate estimate, as 

stated above. 

4. 3 MEASUREMENT RESULTS AND DISCUSSION 

(Determination of Plutonium Concentration) 

4. 3.1 Measurement of Plutonium Concentration 

- 7 4 -

The system including coulomb counting was calibrated with a 

metal I ic plutonium standard (NBS 949 series ). Pure iron metal 

(JMC 848 ) was also applied to the calibration of the coulometry 

system instead of costly metal I ic plutonium standard because the 

standard redox potentials of both elements are close, and 

the potentials used for the measurement quantitatively cover 

counting both plutonium and iron. The instrumental factor 

obtained by the iron metal standard was in good agreement with 

that by the plutonium metal standard within 0. 01%. 

The reproducibi I ity of the coulometry was examined. The results 

obtained from three intermittent runs as examples are shown in 

Tab I e 4. 1. Each run consisted of five repeated measurements. Good 

reproduc i b i I i ty with in 0. 1% was found among the three runs. 

4. 3. 2 Interference 

It is essential to examine if impurit ies poss ibly contained in 

the plutonium product of the PUREX type reprocessing plant 

interfere with the coulometric determination of plutonium. Fig. 

4. 4 shows the comparison of the determinations of plutonium 

products for the Tokai Reprocessing Plant by the proposed 

coulometry and the conventional titration method ' ' where the 

titration assay consistently gives higher results. This bias may 

be due to the interference of impurities present in the plutonium 

products with the AgO-Fe ( l 1)-Cr (VI ) titration method, which is 

consistent with the suggestions shown in the I iterature cited ' · ' ' 
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Table 4. 1 Reproducibi I ity of Pu measurement 

Run No. Meas. No. Measured(mg ) Mean (mg) 
(SD% ) 

1 3. 9055 
2 3. 9091 
3 3. 9063 3. 9059 

4 3. 9074 (0.078 ) I. Btl 

5 3. 9010 ... 
!:J I.IB Q) 

3. 9050 ~ 
" I. Fl2 8 

2 3. 9057 ... 
.0 

-~4\P-2 3 3. 9080 3. 9062 tS': I. B1 

4 3. 9074 (0.037) 0 ..., 
" 1. BB 5 3. 9048 0 
:;:; 
"' ~ B. 99 

3. 9048 
..., 
... 
.0 

2 3. 9070 tS': ll.98 

3 3 3. 9070 3. 9054 .... 
0 

4 3. 9026 (0. 047) .~ B.97 ..., 
5 3. 9056 ~ 

B. 96 

Overall 3. 9058 <l 8 12 16 21l 2/l 28 32 36 00 M <l8 52 56 61l 
Time (Arbitrary) 

(0.053 ) 

Fig. 4.4 Comparison between titration and coulometry. 



Considering the content of the impurities and their 

electrochemical potentials, iron, uranium, chromium, neptunium 

and americium have been chosen for the investigation of the 

i nterference(s ). 

The recovery of iron added to the plutonium sample is shown in 

Table 4. 2. The result indicates that iron can be corrected for 

since it interferes quantitatively with the plutonium measurement . 

Although iron was found to be determined by the proposed spectro

photometry with an error of ca. 5% for 1/ 100 (mass ratio) of 

plutonium, the effect of its correction on the determination of 

plutonium can be estimated to be less than 0. 05%. 

With respect to uranium, very I ittle influence was observed 

even when more than 200% uranium versus plutonium was added, as 

shown in Table 4. 3. 

Table 4. 4 shows the results for chromium with prepared samples 

containing up to 12% versus plutonium. It has been found that 

chromium as a corrosion product of the vessels, which is known to 

interfere quantitatively with the titration method ' ' . does not 

affect this coulometry determination. 

It has been reported that a significant amount of neptunium 

present in plutonium samples resulted in the requirement for a 

different method for determining plutonium' ' · No significant 

effect of neptunium, an i nte rfe ring e I ement in the titration 

method, was detected in the coulometric determination of 

plutonium even in the case where about 40% neptunium versus 
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Table 4. 2 Effect of Fe on Pu determinatation 

Me as Pu assay Fe 
No. recovered 

Pu taken Pu found Fe added (w% vs Pu) 
(mg) (mg) (w% vs Pu) 

16. 348 16.435 0. 123 0. 124 

2 16.348 16. 519 0. 246 0. 245 

3 16.348 16. 608 0. 369 0. 372 

4 16.348 16.693 0.492 0. 492 

5 16.348 16.777 0.615 0.614 

Table 4. 3 Determination Pu in presence of U 

Meas. Pu assay Recovery 
No. 

Pu taken Pu (+U ) U content (g'}/CD 
(mg ) CD (mg ) (2:) (w% vs Pu ) 

10. 269 10.268 103 0. 9999 

2 10.266 10.270 103 1. 0004 

3 10. 268 10.268 103 1. 0000 

4 10.269 10.276 205 1. 0007 

5 10.266 10.275 205 1. 0009 

6 10.268 10.276 205 1.0008 
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Fe Mean of 
recovery recovery 
rate rate 

1. 008 

0. 9959 

1. 008 1. 003 

1. 004 

0. 9984 

rate Mean of 
recovery 
rate 

1. 0005 



Table 4. 4 Pu determination in presence of Cr 

Me as. 
No. 

2 

3 

4 

5 

6 

7 

8 

Pu taken 
(mg) CD 

21.756 

21. 129 

21.520 

19.863 

21. 756 

21. 343 

21.405 

18.440 

Pu assay 

Pu found 
(mg) ~ 

21. 735 

21. 149 

21.560 

19.822 

21. 723 

21. 350 

21.438 

18. 437 

Cr content 
(w% vs Pu ) 

4.6 

4.6 

4.6 

4.6 

11. 5 

11. 5 

11. 5 

11. 5 

Recovery rate Mean of 

~/CD 

0. 9990 

1. 0009 

1. 0019 

0. 9979 

0. 9986 

1. 0003 

1. 0015 

0. 9998 

recovery 
rate 

0. 9999 

1. 0001 

Table 4. 5 Pu determination in presence of Np' ' 

Meas. 
No. 

2 

3 

4 

5 

6 

Pu taken 
(mg ) CD 

14.266 

14.303 

14.093 

14. 113 

14.097 

14. 106 

Pu assay 

Pu found 
(mg) ~ 

14.272 

14.285 

14. 107 

14. 132 

14. 115 

14. 123 

Np content 
(w% vs Pu) 

4 

4 

4 

4 

40 

40 

Recovery rate Mean of 
recovery 

~/CD rate 

1. 0004 

0. 9987 

1. 0011 

1. 0013 

1. 0002 

1.0017 

1. 0004 

1. 0010 

a) Impurities contained in Np reagent are Am: 1.1x1o-• g/ 1, 
Pu: 3.5x1o- • g/1 and Fe: trace amount when Np is 12.8 g/1. 
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plutonium was added to the sample (Table 4. 5). An additional 

experiment to confirm the potential of the Np(V)-( VI ) couple in 

the given electrolyte was conducted. Fig. 4. 5 shows the coulogram 

of the Np (V)-Np(VI) couple in the electrolyte, namely 0. 5M H,SO ,, 

0. 05M HNO , and a slight amount of sulfamic acid. The potential . 

(Eo' )"• is observed to be 0. 90V vs SCE from the figure. The 

potential of the Pu(l I 1)-( IV ) couple is 0. 51V vs SCE, whereas 

that of the oxidation of Pu ( l I I) to Pu(IV) in the same 

electrolyte in the proposed procedure is Q 72V vs SCE The 

predictable error from the viewpoint of thermodynamics can 

therefore be calculated at maximum of 0. 09% us ing the Nernst 

equation when 100% neptunium vs plutonium is added. This suggests 

that the neptunium interference is neg I igible in the coulometric 

determination of plutonium, because the plutonium product of the 

PUREX reprocessing does not contain much neptunium. 

Table 4. 6 shows the results of the americium effect on the 

coulometric determination. The samples were prepared by having 

left the purified plutonium including more than 10% of plutonium-

241 for approximately two years. The mean error was 0. 15% when 

the americium content was 1. 0 % versus plutonium. Taking into 

account the level of americium contained in the actual plutonium 

product~ this effect can also be neg I igible. 

4. 3. 3 Comparison of Performance 

In order to confirm the performance of plutonium determination 
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Table 4.6 Pu determinatation in presence of Am 

Me as Pu assay Recovery Mean of 
No. rate recovery 

Pu taken Pu found Am content• ' ~/CD rate 
(mg )' ' CD (mg) ~ (w% vs Pu ) 

I. 5El 
19. 33 19. 31 1. 0 0. 9990 

2 19. 33 19. 30 1. 0 0. 9984 

3 19. 33 19. 27 1.0 0. 9969 
El.5El 

4 19. 33 19.30 1. 0 0. 9984 ~ El 
Q 

5 19. 33 19.32 1. 0 0. 9995 0.9985 
..._ I 

~ 
6 19. 33 19. 28 1.0 0. 9974 g -El. 5El 

7 19. 33 19.33 1. 0 1. 000 
-1 

8 19. 33 19. 31 1.0 0. 9990 

9 19.33 19. 29 1. 0 0. 9979 -I. 5El 
El.B B. 85 El.9 El.95 I.El I. El5 

Eo' 
a ) Decay corrected. Potential ( V vs SCE ) 
b) Calculated as decay produnt. 

Fig. 4.5 Coulogram Np(V)-Np(VI) couple. Ox:Np(VI), Red:Np(V) 
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with coulometry, a comparison among the conventional titration 

method, isotopic dilution mass spectrometric analysis ( IDMS) and 

coulometric determination was made, which was performed as an 

international comparison analysis among three laboratories•' . The 

sample used for this experiment was the plutonium recovered and 

purified at the Tokai Reprocessing Plant . Table 4. 7 shows the 

results, where the laboratory codes 1. 2 and 4 indicate the 

titration methods of three different laboratories, while the 

laboratory codes 3 and 5 refer to our coulometric determination 

and the IDMS of another laboratory, respectively. The differences 

among the means of alI the laboratory methods evaluated within 

0. 17% relatively implies that the controlled-potential coulometr y 

performs satisfactorily for the determination of plutonium. 

(Determination of Oxidat ion States of Plutonium) 

4. 3. 4 Evaluation of the Proposed Scheme with a Synthesized Mixed 

Spectrum 

The performance of the proposed analysis scheme was evaluated 

with several synthesized spectra composed of some single spectra. 

An example of spectrum analysis using a mixed spectrum of Pu ( l I I) 

/ U( IV )/U(VI ) is shown in Fi~ t 6. A significant spectrum 

remained in Fig. 4. 6(a) after all the spectrum subtractions ; 

whereas, no residual spectrum (a straight I ine at zero absorbance ) 

was observed in Fig. 4. 6(b). This imp I ies that the proposed 
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Table 4. 7 Results of intercomparison analysis 

Laboratory 
code 

2 

3 

4 

5 

Sample No. Pu concentration (g/1) 

1 
2 
3 
4 

Mean 
(SD%) 

1 
2 
3 
4 

Mean 
(SD% ) 

1 
2 
3 
4 

Mean 
(SD%) 

1 
2 
3 
4 

Mean 
(SD% ) 

1 
2 
3 

Mean 
(SD%) 

Preparation 1'' Preparation 2' ' 

251. 51 
251. 95 
252. 39 
251. 85 
251. 9 
(0. 14 ) 

252. 3 
252. 0 
251. 9 
251. 9 
252. 0 
(0.08) 

252. 10 
252.03 
251.88 
252. 00 
252.0 
(0.04) 

251.52 
252.12 
251. 12 
251. 32 
251. 5 
( 0, 17) 

251.94 
252. 48 
252.32 
252. 3 
( 0. 11 ) 

251.76 
251. 37 
251.35 
251.93 
251. 6 
(0. 11 ) 

252. 2 
252. 0 
252. 0 
252.0 
252. 1 
(0. 04) 

252. 10 
252. 04 
252. 20 
252. 04 
252. 1 
(0. 03 ) 

252. 32 
252. 32 
252. 12 
251. 22 
251. 7 
(0.22) 

251. 94 
251. 64 
251. 97 
251. 9 
(0, 07) 

a) Pu samples were prepared by different dilution. 
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Fig. 4.6 Peak fitting and subtraction without data processing loop( a) and with tb 

loop(b). 

- 86 -

analysis flow effectively functions for obtaining a better result . 

Table 4. 8 shows the analytical results for some synthesized 

spectra inc I ud i ng the concentration of nitric acid. It was found 

that each component can be analyzed with an error of approximate 

1 '£. while the acidity (3M ) was estimated to be 2. 92±0. 13M. The 

analysis of another mixed spectrum synthesized for the 1M HNO , 

system was also examined, where the corresponding errors were 2 % 

and ±0. 2 M. respective I y. 

4. 3. 5 Application to Practical Samples 

The performance of the analytical scheme was examined by 

analyzing practical samples. The results were evaluated by 

comparing them with the total plutonium concentration since it 

was difficult to determine the composition of the oxidation 

states without spectrophotometry. The sum of the concentrations 

of alI the components agreed wei I with the value determined by 

the coulometry and Davies-Gray method '' ' as shown in Table 4. 9. 

It can be concluded that each oxidation state in a mixed sample 

is determined accurately by the proposed method. 
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Table 4.8 Results of spectrum analysis. 

ConcenLration analyzed 

Components a) U ( IV) U (VI) r u c ru J P u ( IV) P u (VI) H N 03 

( g/ I) ( g / I l ( g/ I ) ( g/1) ( g/ 1) (M) 

U (IV) (VI) 4. 66 18 . ~ 2. 7 1 

U ( IV) P u (Ill) 4. 67 I. 67 3.00 

U (IV) P u (VI) 4.68 0 . 799 2.95 

U (IV) (VI) P u (ill) 4.66 18. 2 1.ti8 2. 71 

U (IV) (VI) P u (VI) 4.68 18. 2 0 . 802 2 . 83 

U(IV)Pu(ill)(VI) 4.69 1. 69 0. 799 2. 92 

u (IV)(VI) p u (lli)(VI) 4. 69 18. 1 1. 70 0 . 802 2. 65 

P u (ill) (IV) I . 67 0. 796 3.08 

Pu(1V)(VI) 0 . 799 0 . 800 3 . 07 

U(VI)Pu(IV) 18 . 2 0 . 807 2 . 98 

P u (ill)(IV)(VI) 1. 68 0 . 796 0.800 2 . 99 

U(VI)P u (lll)(IV) 18. 1 1. 68 0 . 807 2 . 97 

U(VI)P u (IV)(VI) 18 . 2 0 . 807 0 . 803 2. 98 

U (VI) P u (lll)(IV)(VI) 18 . 1 1. 69 0 . 807 0 .803 3 . 00 

P u (I!I)P u (VI) 1. 68 0 . 799 2 . 71 

U(VI)Pu(lll) 18 . 2 1. 68 2 . 99 

U(VI)Pu(VI) 18 . 2 0 . 802 2. 99 

U (VI) P u (lll)(VI) 18. 2 I . 68 0.802 :!.02 

a) Some of the spectra of following components were graphically mixed 

together; U(IV)4.67g/l, U(VD17 .9g/l, Pu(ill)l.67g/l, Pu(IV)0.799, 

Pu(VI)0.799 , [W]:3.0M 
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Table 4.9 Comparison of analytical results 

Components Concentration 

0 ther methods a) Spectrophotometry 

H N 03 (M) I. 5 I. 8 
u (IV) (g/ 1) 7 . 0 8 
u (VI) ( g/1) 2. 4 4 
p u c rn l ( g/ I ) 0 . 4 I 
t o t a 1 ( g/ I) 9 . 9 0 9 . 9 3 

H N 03 (M) 4 . 2 4 . 0 
u (VI) (g/1) 6. 4 9 
p u c rn l ( g/1 ) 0 . 4 9 
p u (IV) (g/1) 1. 4 2 
t o t a 1 ( g/ I l 8. I 2 8 . 4 0 

H N 03 (M) 4. 2 4 . 
U (VI) (g / I l 6 . 0 8 
p u c rn l ( g/1) 0 . 5 I 
Pu (IV) (g/ I l I. 4 I 
p u (VI) (g/ I) 1. 1 4 
t o t a I (g/ I l 9. 1 9 9. 1 4 

a) U and Pu were determined by the methods given in ref.lO 

and the coulometry shown in this chapter, respectively. 
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4 4 SUMMARY 

The control led-potential coulometry was studied for the precise 

determination of plutonium recovered in the PUREX type 

reprocessing process. The rei iabi I ity of plutonium product 

analysis has been improved by introducing this method which is 

capable of determining plutonium with better precision and 

accuracy than the titration method convent i ona II y used. It was 

found that the impurities such as neptunium, chromium and 

americium. which are thought to interfere with the AgO-FeCI 1)

Cr(VI) titration method did not affect the proposed control led

potential coulometry. Iron. which is regarded as an impurity 

interfering with the coulometry, is properly corrected with a 

simple measurement procedure using a spectrophotometer. The 

precision of the method for determining 10 mg-size plutonium was 

I ess than 0. 1 %. 

An analytical method for determining the oxidation states of 

both or either of plutonium/uranium in a nitric acid system has 

been studied. The proposed method based on spectrophotometry is 

capable of accurately determining Pu(lll), Pu(IV), Pu(VI), 

U(IV) and U(VI) . The spectrum of a mixed solution of the above 

components is separated into individual spectra of several 

components with graphic operations. The acidic concentration can 

also be obtained from the ratio of specific peaks in a spectrum 

of U( IV). U(VI ), Pu( Ill) or Pu( IV). 
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The determination of plutonium for each oxidation state was 

estab I i shed by a combination of the above two methods, the 

coulometry and the spectrophotometry. 
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