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Abstract 

Controlled Potential Coulometry (CPC) is generally regarded as one of the most accurate analytical 
methods available for the quantification of plutonium (Pu) in acidic aqueous solutions. With a growing use 
of mixed oxide nuclear fuel, there has been an interest in the technique’s applicability to the analysis of 
Pu in the presence of uranium (U). Expanding on previous studies, the work presented herein 
demonstrates the highly accurate CPC analysis of Pu in mixed solutions (Pu + U) containing large 
quantities of U (U:Pu up to 100:1) as well as establishing the role played by sulfate anions during the 
analyses. 

By combining experimental results with speciation simulations, it is shown that the introduction of U in 
mixed Pu + U solutions is accompanied by increases in sulfate ions in the nitric acid medium which 
complex unequally with the different Pu cations in solution. The anions’ stronger affinity of for Pu(IV) 
rather than Pu(III) causes a decrease in the formal potential of the Pu(IV)/Pu(III) redox couple, directly 
affecting the degree of completion of the electrochemical reactions performed during CPC. A correction 
factor, �, is applied to account for the degree of completion of the analysis’ electrochemical steps and 
compensate for the effects of complexation. Thereby, a level of accuracy comparable to that achieved 
during the analysis of pure Pu solutions, is attained.  

Ultimately, a series of recommendations are put forward such that it becomes possible to maintain CPC’s 
good analytical performance for the measurement of Pu content in mixed Pu + U solutions.  

 

Introduction 

As society approaches the cusp of an energetic revolution, the profile of global energy production is 

expected to undergo radical change in the first half of the 21st century as a response to the 

decarbonisation required to mitigate climate change. In this context, the global production of 

electricity from nuclear energy is expected to rise by 27 – 62 % by 2040 [1]. For the nuclear field, this 

increase highlights the importance of resource optimisation with the development of spent fuel 

reprocessing and plutonium recycling becoming essential in order to ensure a reliable supply of fissile 
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materials [2,3].  With that in mind, the development of analytical methods for the accurate 

determination of actinides (primarily uranium (U) and plutonium (Pu) isotopes) remains essential not 

only in an industrial context but also for purposes of non-proliferation and international safeguards. 

In order to achieve high degrees of accuracy as well as to calibrate and validate their analytical 

methods and equipment, companies and institutions working in the field rely on the use of Certified 

Reference Materials (CRMs) [4–6]. One of the main missions of the French alternative energies and 

atomic energy commission (CEA)’s Committee for the Establishment of Analysis Methods (CETAMA) 

is to develop and provide CRMs for nuclear analysis laboratories worldwide [4,7–9]. The production 

of such reference materials requires the use of highly accurate elemental analysis methods, which 

vary according to the elements present in the produced CRM [10]. 

In the case of plutonium analysis, three techniques are routinely used to achieve the required high 

levels of accuracy during the production of CRMs: redox titrimetry, Isotope Dilution Thermo-

Ionisation Mass Spectrometry (ID-TIMS), and Controlled Potential Coulometry (CPC). Of the three 

techniques, CPC is the most accurate, achieving particularly low measurement uncertainties (0.1% for 

samples containing 4 – 15 mg of Pu [11,12]), whilst redox titrimetry and ID-TIMS have higher 

uncertainties of 0.17 – 0.28 % [13] (for samples containing 5 – 60 mg of Pu), and 0.21 – 0.28% [10] 

(for samples containing 10 – 50 ng of Pu), respectively. The good analytical performance of CPC arises 

from its underlying principles, as discussed below. 

CPC enables the determination of the content of an electroactive species in solution by studying the 

quantity of charge required for the studied species to undergo an electrochemical transformation. 

CPC is based on Faraday’s law where the mass, m, of an element is related to the molar mass of the 

studied species, M, the number of electrons exchanged during the electrochemical transformation of 

the species, n, Faraday’s constant, F, (equal to 96485.33212 C/mol [14]) and the quantity of electrical 

charge involved in the studied reaction, Q, as shown in equation (1). Q is usually determined by 

integrating the amount of current used over the time of analysis. It can thus be seen that, unlike 

other analytical techniques, CPC is based on physical (time and current) rather than chemical 

parameters. This traceability to more accurate physical standards renders CPC an absolute technique 

and results in excellent degrees of trueness and precision [15].  

   
� =  � �

� �           (1) 

 

With a rise in the recycling of spent nuclear fission fuel through mixed uranium/plutonium oxide 

(MOX) fuels [2], there has been an increased demand for mixed actinide CRMs. As a response, in 

April 2018 the CETAMA produced the EQRAIN (U + Pu) n°02 mixed oxide CRM. In light of the 

importance of mixed U + Pu CRMs as well as the recent production of EQRAIN (U + Pu) n°02, there 

has been a growing interest in expanding the analytical applications of CPC analysis for Pu content 

from pure Pu solutions to mixed Pu and U (i.e. Pu + U) solutions. 

CPC is a particularly interesting technique for the analysis of Pu content in mixed Pu + U CRMs since – 

beyond its particularly high degree of accuracy – it allows the direct analysis of Pu in mixed Pu + U 

solutions without separation procedures (which, for example, are imperative for ID-TIMS analyses). 

This advantage arises due to the large difference between the redox potentials of the Pu(IV)/Pu(III) 

and the U(VI)/U(IV) redox pair in aqueous nitric acid (HNO3) media [16], meaning that the 

determination of Pu through CPC can be performed without significant interferences from U 
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[11,12,17].  This lack of interference from the U ions can be attributed to the stability of  U in the (VI) 

valence state as UO2
2+ in the aqueous acidic analysis conditions[18].  

The CPC analysis of Pu in the presence of U in aqueous acidic solutions has been previously studied 

through two main perspectives. Firstly, the effect of U on the accuracy of the analysis was 

investigated in the general context of the effects of various metallic impurities [17,19–21]. During 

these studies it was ascertained that the presence of U did not interfere significantly with the 

coulometric determination of the Pu content of a solution (for U:Pu mass ratios ≤ 58:1). The second 

aspect has been the development of a technique for the determination of Pu through the joint 

analysis of Pu and U in mixed Pu + U solutions [22–25]. Unfortunately, these techniques resulted in 

both an increase in experimental complexity and a decrease in the analytical accuracy for the analysis 

of Pu content (arising from the correction required to isolate the electrochemical response of Pu 

from that of U). Furthermore, in both series of studies the CPC analysis of Pu was performed in sub-

optimal experimental conditions; namely the use of platinum (Pt) working electrodes (which display a 

limited electrochemical window due to their propensity for generating surface adsorbed hydrogen 

[26]) and sulphuric acid (H2SO4) or perchloric acid (HClO4) electrolytes (which present significant 

disposal problems in nuclear environments).  

 

At the CETAMA’s metrological laboratory for nuclear matter (LAMMAN), the use of CPC for the 

determination of the Pu content of U + Pu CRMs in HNO3 electrolytes (selected as the optimal 

medium in terms of precision in reproducibility conditions and effluent management) has been the 

subject of preliminary studies by Ruas et al. [11]. In their study, the applicability of CPC to solutions 

of Pu + U (with mass ratios U:Pu up to 10:1) with a gold (Au) working electrode (known to show an 

improved stability in nitric acid and provide better analytical results for CPC than the traditionally 

used Pt [27]) was evaluated. 

They showed that, whilst the coulometric analysis of Pu could be performed with an acceptable 

degree of accuracy, increasing concentrations of U in solution resulted in a cathodic shift in the 

formal potential of the Pu(IV)/Pu(III) redox couple. It was postulated by Ruas et al.[11], in accordance 

with the observations previously made by Shults [17], that these shifts could be attributed to an 

increase in sulfate (SO4
2-) concentration in the systems. However, a quantitative analysis of the role 

played by sulfate anions in the observed shifts was not performed during either study. Furthermore, 

the works of Ruas et al. and Shults were limited to studying U:Pu ratios of 60 and 10, respectively; 

these ratios are significantly smaller than those encountered in the spent fuel reprocessing cycle 

[28].  

The work presented in this paper expands from the preliminary studies presented by Ruas through 

two main axes of research. Firstly, through the use of electrochemical experiments in combination 

with speciation simulations, we elucidate the role played by the sulfate anions in the studied 

solutions, their precise origin, and how their complexation with Pu cations present in the solution can 

lead to the observed interferences. Secondly, the present work aims to fully demonstrate the 

applicability of CPC as a metrological technique for the analysis of Pu + U CRMs through a 

performance study on a Pu + U CRM provided by the CETAMA, as well as showing the technique’s 

applicability to solutions with large quantities of U relative to Pu (U:Pu up to 95.6:1) . 
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Finally, by combining the understanding gained from the speciation simulations with the results of 

the CPC analyses, the authors of this paper provide recommendations for the accurate analyses of Pu 

in mixed Pu + U CRM solutions wherein U:Pu ≤ 96.   

 

Experimental Methods 

In the present work, three different types of solutions were studied: Pu solutions (experiment YD 60), 

Pu solutions spiked with H2SO4 (experiments YD 61-63), and Pu +U solutions (experiments 48-59).   In 

order to yield statistically significant results, multiple experiments were performed for the Pu 

samples spiked with H2SO4 as well as the for Pu + U samples.  The concentrations of the chemical 

species in the analysed solutions were the same within each series of repetitions. 

 

1 - Chemicals 

During the study, analytical grade chemicals – concentrated HNO3 (Merck, 68% ultrapur), 

concentrated H2SO4 (Merck, 95-97% for analysis), sulfamic acid (HOSO2NH2, Merck, Emsure, ≥ 99.0%), 

and hydrogen peroxide (H2O2, Merck, 30% v/v) – were purchased from VWR. 

The pure Pu solutions studied (experiments YD 60, YD 61, YD 62, and YD 63) were prepared by 

diluting an aliquot of standard solution (EQRAIN Pu n°14)  of Pu nitrate supplied by the CETAMA’s 

LAMMAN (Vial # S028) in HNO3 (0.9 mol L-1). The standard solution used is traceable to the MP2 Pu 

metal CRM. The reference Pu content of the standard solution was established as (5.5326 ± 0.0066) g 

kg-1 (with a coverage factor of k=2) on the date of fabrication (20/03/2017). The density of the 

reference solution is (1.14464 ± 0.00012) at 20 °C (k=2). The molar mass of Pu in the solution on the 

date of analysis was determined considering both the MP2 isotopy and the decay of the Pu isotopes. 

As such, the molar mass and content of Pu were determined to be (239.07453 ± 0.00010) g mol-1 

(k=2) and (5.5322 ± 0.0066) g kg-1 (k=2) on the 26/03/2019. 

The mixed Pu + U solutions analysed during the study (experiments YD 48 -59)  were directly sampled 

from a standard solution (EQRAIN (U + Pu) n°02)  of Pu nitrate and uranyl nitrate supplied by the 

CETAMA’s LAMMAN (Vials # S061, # S074,and # S089) in HNO3 (0.9 mol L-1). The Pu in the standard 

solutions used is traceable to the CETAMA’s MP2 Pu metal CRM whilst the U is traceable to the 

CETAMA’s MU 2 metal CRM. The reference Pu content of the standard solutions was determined to 

be (1.1192 ± 0.0013) g kg-1 (k=2) on the date of fabrication (26/04/2018). The reference U content of 

the standard solution was determined to be (106.52 ± 0.13) g kg-1 (k=2). The density of the reference 

solution is (1.26857 ± 0.00012) g mL-1 at 20 °C (k=2). The content of Pu in the solution on the date of 

analysis was determined by taking into account the MP2 isotopy and the decay of the Pu isotope, as 

previously done for the Pu nitrate standard solution and did not change significantly. 

2 – Electrochemical apparatus 

All of the electrochemical analyses (cyclic voltammetry, CPC, and the determination of formal redox 

potentials through coulograms) performed during this series of experiments, used the same set-up 

(shown in figure 1). The electrochemical cell consisted of a three-electrode system (EG&G model 

377A coulometry cell system) composed of a cylindrical (diameter 3.5 cm, height 2 cm) Au working 

electrode (99.99% pure, manufactured by Heraeus, Germany) with a large surface area (four layers of 

100 mesh/cm2 grid, with a surface of (123 ± 5) cm2) (k=2), a saturated calomel reference electrode 

(SCE, EG&G model K007) and a Pt mesh counter electrode (CE).  
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Figure 1: Experimental set-up used for the coulometric experiments. 

 

The CE and SCE were placed in individual electrolytic compartments filled with the same electrolyte 

used in the main compartment (HNO3, 0.9 mol L-1). Vycor glass frit membranes were used to 

establish an electrolytic junction with ultra-low leakage rates between the secondary cells and the 

main compartment of the analysis cell. The separation of the SCE and CE from the analysed solutions 

limits the transport of products between the working electrode and the CE as well as minimising any 

contamination of the analysed solutions by the filling solution of the SCE. 

In order to remove oxygen from the system, a constant flow of argon was maintained over the 

surface of the studied solutions. The flow of inert gas was humidified by a bubbler containing de-

ionised water placed upstream from the electrochemical cell in order to prevent the bulk solutions 

from drying out. No significant cooling effects on the studied solutions were observed from this gas 

flow. 

Finally, a paddle type stirrer (EG&G model 377 synchronous stirring motor) made of glass (with a 

geometry optimised in order to avoid splashing of the solution) was used for the coulometry and 

coulogram experiments. 

The electrical components used in combination with the electrolytic cell varied according to the 

experiments performed:  

- Cyclic voltammetry experiments were performed by using a PARSTAT 3000A Potentiostat 

from AMETEK scientific instruments in combination with the supplied “Versastudio” Software 

(version 2.60.6). 

 

- CPC and coulogram experiments were carried out using a PAR 263A potentiostat coupled 

with a high precision current integrator (previously described by RUAS et al. [11]). The PAR 

263A was controlled through an in-house software, which also allowed for the collection and 

analysis of experimental data. 

 

3 – Experimental procedures 

Sample preparation 

The Pu standard solution (containing about 5.5 g kg-1 of Pu) was diluted by weight in HNO3 (0.9 mol L-

1) with a dilution factor close to four before sampling into four aliquots, ensuring that each aliquot 
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(4 mL volume) weighed more than 1 g and contained a mass of Pu greater than 1 mg (about 6 mg per 

sample). This limits the relative weighing error and enables the measurement of an optimal quantity 

of electrical charge, as previously described by Picart et al. [15]). As the concentration of Pu in the 

mixed Pu + U solutions is much lower (1.1 g kg-1) than that of the Pu standard, the mixed standard 

solutions were used as received without dilution and divided into four aliquots of 4 mL. 

In all cases, the samples were weighed directly into the coulometric glass cells used for CPC analysis, 

and the measurements performed with the analytical scales were corrected for air buoyancy in order 

to eliminate systematic errors. 

Once the aliquots had been transferred and weighed, H2SO4 (1 mL, 3 mol L-1) was added to the 

analysis cells in order to stabilize the actinides as Pu(IV) disulfate and uranyl (VI) sulfate crystals 

during the fuming procedure. A few drops of H2O2 (30% v/v) were further added to the solutions to 

reduce any Pu(VI) present to Pu(III) which , upon gentle heating is oxidised by the nitrate ions in 

solution to Pu(IV) [29–31]. The created solutions were left to homogenise and react overnight prior 

to fuming to dryness under a nitrogen sweep. Upon drying, any chloride, fluoride, and volatile 

organic compound impurities are eliminated. The presence of H2SO4 in the fumed solutions prevents 

the formation of insoluble oxides by stabilising the Pu and U as soluble sulfate crystals. 

To perform the electrochemical analyses, the solids created from the drying procedure were 

redissolved in an electrolyte composed of 30 mL of HNO3 (0.9 mol L-1) with a two drops (approx. 

100 μL) of sulfamic acid (1.5 mol L-1 in de-ionised water).  

In order to study the potential interferences on the analyses caused by the presence of SO4
2- anions, 

pure Pu standard solutions were spiked with H2SO4 after fuming. For these samples, 200 μL of H2SO4 

(3 mol L-1) was added to each of three analytical bulk solutions (YD 61, YD 62, and YD 63) prepared 

from the Pu standard solution prior to performing electrochemical analysis experiments. 

 

Coulometric analysis 

The analysis of the Pu content of solutions was performed through a four-step procedure: 

1) Electrical calibration 

 

The analog-to-digital converter used to digitize the current measured during the CPC and 

coulogram experiments was calibrated with a high-accuracy current calibrator (AOIP, SN 

8310). The appropriate corrections were then automatically applied to the current 

measurements performed during CPC and coulogram experiments. 

 

2) Electrode pre-treatment  

 

Prior to analysis, the Au working electrode was electrochemically cleaned through a pre-

treatment procedure in HNO3 (0.9 mol L-1) with two drops (approx. 100 μL) of sulfamic acid 

(1.5 mol L-1). Sulfamic acid was added to the solution as a non-electrochemically active 

inhibitor for any nitrous acid generated by HNO3 reduction at the electrode, as previously 

described in literature [11,31,32]. The pre-treatment consisted in applying a series of pulses: 

oxidation at a potential �
� =  ����.�� + 320 mV, reduction at ���� =  ����.�� − 360 mV, and a 

final oxidation to �
�; where ����.��  is the apparent formal potential of the Pu(IV)/Pu(III) redox 

couple in a HNO3 0.9 mol L-1 medium (during the standard CPC analyses of Pu, ����.�� =
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675 mV / SCE ). Each pulse was applied until a chosen current threshold (10 μA for the 

oxidative phases and - 10 μA for the reductive phases) was reached.  

 

It is important to note that as ����.��  only takes into account the effect of ionic strength and 

the interaction between the nitrate anions and the Pu cations in a HNO3 0.9 mol L-1 medium, 

it does not correspond to the formal potential of the Pu(IV)/Pu(III) redox couple in the 

studied media (where sulfates are present as a consequence of the H2SO4 fuming procedure). 

The value of ����.��  used during these experiments (675 mV / SCE) was chosen based on the 

reported literature values for the formal potential of the Pu(IV)/Pu(III) redox couple in 1 

mol L-1 HNO3 [18,24,33]. The true formal potential of the Pu(IV)/Pu(III) redox couple in the 

studied media (henceforth denoted as �� (!")/� (!!!)��  in the present paper) was determined 

experimentally through the means of a coulogram (described later in the text) following CPC 

analysis.   

 

 

 

3) Blank measurement  

 

In the same medium used for the pre-treatment procedure, a blank measurement was 

performed. During the blank measurement, a reductive potential �$ (defined in relation to 

����.��  as shown in equation (2)) was applied to the working electrode, followed by an 

oxidative potential �%(defined as shown in equation (3)). During the latter step, the duration 

of oxidation (&$), residual current ('�$), and raw quantity of electrical charge used (�$) were 

recorded. Each electrochemical phase was performed until a stable current of 1 μA or a drift 

inferior to 1 μA / 100 s was observed. The potentials applied during the blank measurement 

phases were the same as those used subsequently during the analysis of Pu. 

 

�$ = ����.�� − 230 mV   (2) 

 

�%  = ����.�� + 230 mV  (3) 

 

It is worth noting that the size of Q1 is particularly important, as it will determine the 

detection limit of the analytical technique. During standard CPC analyses of Pu it is 

recommended that Q1 not exceed 5 mC, corresponding to a minimum possible mass of 12 µg 

of Pu in an analysed solution [31]. 

 

4) Coulometric analysis of Pu 

 

The electrolyte used for the pre-treatment and blank measurements was transferred to a 

coulometric cell containing the dried sample to be analysed. The dried sample was dissolved 

in the solution through mild agitation. After this, the analysis procedure consisted in applying 

a reducing potential �$  to convert the Pu(IV) in the test sample to Pu(III), followed by an 

oxidising potential �%  which converted the generated Pu(III) into Pu(IV). Both phases were 

applied until a stable current of 1 μA or a drift inferior to 1 μA/100 s was observed. The shift 

of ± 230 mV from ����.��   (seen in equations (2) and (3)) was chosen such that, if ����.�� =
�� (!")/� (!!!)�� , the degree of completion of the electrochemical reactions would correspond 
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to 99.99%. During the oxidation step, the duration of oxidation (&%), residual current ('�%), 

and raw quantity of electrical charge used (�%) were measured. 

 

In order to calculate the net quantities of electrical charge used for the oxidation of the blank 

(�() and the analysed sample (�)), the raw quantities of electrical charge (�$ and �%) were 

corrected to take into account the residual current in each phase, as shown in equations (4) 

and (5):  

 

�( =  �$ − '�$&$                 (4) 

�) =  �% − '�%&%                 (5) 

 

�) and �( were then incorporated into Faraday’s law as shown in equation (6) in order to 

calculate the mass of Pu in the studied sample from the net charge. 

 

�� =  (�) − �() �� � � �               (6) 

 

The introduction of the � factor in equation (6) is crucial. This corrective factor, named the 

“electrolysed fraction”, is derived from Nernst’s law and takes into account the fraction of 

Pu(IV) not reduced during the first step of the Pu analysis, as well as the fraction of Pu(III) not 

oxidised during the second step of the procedure [34]. Mathematically, the � factor is 

expressed as shown in equation (7) where �$ and �% are the potentials applied during the 

reduction and oxidation phases of the analysis, �� (!")/� (!!!)��  is the experimental formal 

potential of the Pu(IV)/Pu(III) redox couple in the studied medium, � is the number of 

electrons exchanged (1 for the Pu(IV)/Pu(III) redox couple), � is Faraday’s constant, + is the 

molar gas constant, and , is the temperature of the bulk (in K).  

 

� =  exp (� � 0�% − �� (!")/� (!!!)�� 1
+, )

1 + exp (� � 2�% − �� (!")/� (!!!)�� 3
+, )

  −  exp (� � 0�$ − �� (!")/� (!!!)�� 1
+, )

1 + exp (� � 2�$ − �� (!")/� (!!!)�� 3
+, )

                   (7) 

 

It can be seen from equation (7) that the fraction of non-electrolysed Pu during each analysis 

stage is dependent on the difference between the applied potentials �$ and �% and the 

formal potential of the Pu(IV)/Pu(III) redox couple in the studied medium. As such, it 

becomes evident that the formal potential of the Pu(IV)/Pu(III) redox couple needs to be 

precisely known for each studied medium in order to achieve a high analytical accuracy. 

 

Coulograms for the measure of �� (!")/� (!!!)��  

In order to calculate the � factor, the formal potential of the Pu(IV)/Pu(III) redox couple was 

determined by recording coulograms of the studied solutions in the same conditions as those used 
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for the coulometric analyses. In a coulogram, the quantity of electric charge (�) required to reach 

equilibrium (defined as a very low current condition, I ≤ 50 µA) starting from a completely reduced 

solution is plotted as a function of the potential applied to the working electrode (�). The formal 

potential of the studied couple can be taken from the inflexion point of the curve plotted in the 

coulogram, in the present study this corresponds to the potential at which Pu(IV) and Pu(III) are 

present in the solution in equal proportions. This inflexion point can be determined by plotting 

ln(Q/(Qmax-Q)) (where Qmax is the maximum value of Q) as a function of E, the x-intercept of the 

plotted line corresponds to the formal redox potential of the studied couple. An example of the 

graphs used for the determination of a given sample’s formal potential through a coulogram can be 

seen in the supporting information of this paper (Appendix A, section A.1, figures A.1 and A.2). 

 

Cyclic voltammetry experiments 

The evolution of the formal potential of the Pu(IV)/Pu(III) redox couple was studied through cyclic 

voltammetry in the same conditions as those used for the coulometric analyses. In the cyclic 

voltammetry experiments, the current response of the WE was recorded between + 50 mV / SCE and 

+ 1100 mV / SCE at a scan rate of 10 mV s-1. Each scan was performed for two cycles with the second 

cycle being retained for the analysis of the studied samples. 

Sulfate analysis 

The sulfate content of the analysed solutions was determined through ion chromatography 

(ThermoElectron (DIONEX) ICS 5000). The ion chromatograph was equipped with an autosampler, a 

potassium hydroxide (KOH) eluent generator, an electrolytic suppressor, and a conductivity detector. 

Ion separation was performed through an IonPac AS10 capillary column (0.4 X 250 mm) preceded by 

an IonPac AG10 guard column (0.4 X 50 mm), both columns possess alkanol quaternary ammonium 

functionalisation.  

In order to perform the sulfate analyses, the solutions previously used for the electrochemical 

analyses  were filtered through a 0.2 µm Millipore filter and diluted in sodium hydroxide (NaOH, 80 

mmol L-1) such that the estimated sulfate concentration of each analyte was within the equipment’s 

operating range (0 – 5 mg L-1) . 

Chemical speciation calculations 

The speciation of Pu + U nitric acid solutions was simulated through the PhreeqC geochemical 

calculation software (version 3.5.0.14000) coupled with the PhreeqCI (Version 3.5.0.14000) interface 

and the NEA TDB database for PhreeqC (version 1.0). The NEA database was amended to include the 

ionic interaction coefficients (4 (', 6), determined as described in this paper’s supporting information 

(Appendix A, section A.2)) for the various species present in solution.  

The distribution of different species in solution is determined by PhreeqC from the thermodynamic 

equilibrium constants, 7, of the complexation reactions between the various anions and cations 

present in the solution. The general equation for the complexation between a species M and a ligand 

L is expressed as shown in equation (8) (where 8 and 9 are the stoichiometric quantities of the 

species). 

8� + 9: ⇆  ��:<                (8) 
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The equilibrium constant, 7>, for the complexation reaction shown in equation (8) is expressed in 

terms of the different species’ thermodynamic activities, ?, molal concentrations, and activity 

coefficients, @, as shown in equation (9).   

7> =  ?AB
?A     �  ?B  <

=  [��:<]
[�]� [:]<  @AB

@A    �   @B  <
                 (9) 

The activity coefficients for the species in solution were determined in terms of the molal ionic 

strength, F>, of the solution, expressed as shown in equation (10) where �G and HG  are the molal 

concentration and charge of species ', respectively. In the current experiment, the F> of the studied 

Pu + U solutions (U:Pu = 95.6) was calculated to be 0.970 molal.  

F> =  1
2 I  �G

G
HG %                  (10) 

F> is related to the activity coefficients of the studied species in solution by the Brønsted-

Guggenhein-Scatchard model (also known as the Specific Ion Interaction Theory, SIT) wherein the 

activity coefficient, @G, of an ionic species, ', can be expressed as shown in equation (11): 

log(@G) =  − HG% M% NF>
1 + 1.5 NF>

+ I 4 (', 6) �O
O

                  (11) 

Where M is the Debye-Hückel limiting slope (a function of temperature and pressure, at the 

experimental conditions of 1 bar and 21 °C, A = 0.506 kg1/2 mol-1/2 [35]) , �O is the molality of species 

6, and 4 (', 6) is a SIT coefficient (also known as an ion interaction parameter) which describes the 

short-range electronic interaction between aqueous species ' and 6.  The thermodynamic 

equilibrium constants (in molal units) as well as the SIT coefficients supplied in the NEA TDB and used 

by PhreeqC are values at 298.15 K and Im = 0. These values were extrapolated by PhreeqC to (and 

from) media with non-zero ionic strengths as described by Grenthe and co-workers [35,36].  

In the present experiments, U (VI) and Pu (IV) sulfate crystals were dissolved in aqueous HNO3 for 

CPC analysis. It has been previously shown that in aqueous acidic solutions containing HNO3 (at 

concentrations between 0.1 and 4 mol L-1), Pu4+ will only complex as the mono- or di- nitrate form 

[37] whilst UO2
2+ will be present as the mono-, di-, and tri- nitrate complexes [38] (in addition to the 

free cation species). In aqueous acidic solutions containing H2SO4, Pu3+ will tend to form the mono-

sulfate complex, [39] Pu4+ will tend to form the mono- and di- sulfate complexes [39,40], and UO2
2+ 

will form mono-, di-, and tri- sulfate complexes [38,41,42]. It is also known that both Pu3+ and Pu4+ 

can undergo hydrolysis in acidic conditions, forming PuOH2+ and PuOH3+ [37,43]. Due to the lack of 

consensus and the difficulty of experimental measurement regarding the values of the 

thermodynamic properties of UO2(NO3)3
- and the Pu(III)-nitrate complexes, their formations are not 

included in the TDB database and were thus not considered for the simulations performed during 

this experiment. 

As such, for the purpose of determining SIT coefficients, it was assumed that the studied solutions 

contained the aqueous charged ions Pu4+
(aq), PuNO3

3+
(aq), PuSO4

2+
(aq), PuOH3+

(aq), Pu3+
(aq)), PuSO4

+
(aq), 

PuOH2+
(aq), UO2

2+
(aq), UO2NO3 

+
(aq), UO2(SO4)2

2-
(aq) , UO2(SO4)3

4-
(aq) , HSO4

-
(aq), SO4

2-
(aq), and NO3

-
(aq). The 

equilibrium constants used by PhreeqC during this experiment’s speciation studies for the formation 

of the Pu and uranyl complexes as well the protonation of the sulfate anion, are supplied with the 

NEA TDB and are shown in table 1. Table 1 also shows the equilibrium constants as calculated by 

PhreeqC at the experimental conditions of the studied Pu + U solutions (U:Pu = 95.6). It can be seen 
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from table 1 that, in accordance with expectations, the equilibrium constants for the studied 

reactions are lower in non-zero ionic media. This is due to the electrostatic interactions between the 

various ions present in the medium, which affect the activity coefficients of the ions involved in the 

studied complexation reactions.  

Table 1: Thermodynamic equilibrium constants supplied in the NEA TDB and used by PhreeqC for the 

speciation of the main complexes formed in the studied solutions.  

Reaction log(PQ   R) a log(PQ   ∗) b 

SO4
2- + H+ 

⇋ HSO4
- 1.98 1.48 

   

UO2
2+ + SO4

2- 
⇋ UO2SO4

 3.15 1.92 

UO2
2+ + 2 SO4

2- 
⇋ UO2(SO4)2 

2- 4.14 3.15 

UO2
2+ + NO3

- 
⇋ UO2NO3

+ 0.30 -0.36 

   

Pu3+ + SO4
2-
⇋ PuSO4

+ 3.91 1.69 

Pu3+ + H2O ⇋ PuOH2+ + H + -6.90 -7.70 

   

Pu4+ + SO4
2-
⇋ PuSO4 

2+ 6.89 3.90 

Pu4+ + 2 SO4
2-
⇋ Pu(SO4)2 11.14 7.01 

Pu4+ + NO3
- 
⇋ PuNO3

3+ 1.95 0.53 

Pu4+ + H2O ⇋ PuOH3+ + H + 0.60 -0.61 

   
a Equilibrium constants as supplied in the NEA TDB, valid at Im = 0 and T = 298.15 K. 

 b Equilibrium constants at the experimental conditions of the studied Pu + U solutions (U:Pu = 95.6, 

Im = 0.970, T = 294.15 K) as calculated by PhreeqC.  

 

As UO2(SO4)3
4- has been shown to be present only in minute quantities in experimental conditions 

similar to those of the present experiment [38,41,42,44], its  4 (', 6) values were considered 

negligible and not taken into account for the speciation simulations. The remaining SIT coefficients 

used during this study are reported in table 2.  Generally, SIT coefficients for a large number of ion 

pairs have been determined experimentally and can be found in literature [43,45]. For the cases 

where SIT coefficients are not obtainable from literature, it is often recommended that the 4 (', 6) 

values of analogous systems or mathematical extrapolation methods be used to determine 

approximate values [35,43]. In the present work, unknown 4 (', 6) values were estimated by using 

the methods presented by Vercouter et al. [46], Tkac et al. [47], and Ciavatta [36,48], as described In 

this paper’s supporting information (Appendix A, section A.2). 

Table 2: 4 (', 6) coefficients used for the speciation studies performed during the present experiment 

(I = 0 and T = 298.15 K). For clarity, values originating directly from literature sources have been 

italicised. 
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 6 

 
  SO4

2- HSO4
- NO3

- UO2(SO4)2 2- 

       

' 

H+  0.24 a 0.10 a 0.07 b - 0.08 a 

Pu3+  0.69 c 0.29 d 0.22 e - 0.37 f 

Pu4+  1.32 c 0.55 d 0.31 g - 0.56 f 

UO2
2+  - 0.20 a 0.35 a 0.24 b - 0.13 a 

PuSO4
 +  0.47 h 0.27 h 0.23 h - 0.07 h 

PuSO4 2+  0.78 h 0.40 h 0.28 i - 0.16 h 

UO2NO3 
+  -0.07 h 0.21 h 0.16 h - 0.03 h 

PuNO3 3+  0.70 h 0.31 h 0.19 h - 0.25 h 

PuOH2+  0.36 h 0.16 h 0.13 h - 

PuOH3+  0.68 h 0.29 h 0.23 e - 

 

a Taken from Alcorn et al. [41] b Supplied in the NEA TDB  PhreeqC database (version 1.0, November 

2018). c Estimated using the linear regression technique established by Vercouter et al. [46]. d 

Estimated from the linear correlation reported by Vercouter et al.[46]. e Estimated from the linear 

regression technique previously used by Paulenova [37], Tkac et al. [47], and Neck et al. [49].  f 

Estimated from the correlations established by Alcorn et al. [41]. g Taken from Tkac et al. [47]. h 

Estimated using the method reported by Ciavatta. [48]. i Used the value for 4 (,TUVW   %X, YVZ  [) 

estimated from the technique established by Neck et al.[49] 

 

In order to replicate laboratory conditions, the PhreeqC simulations were performed on 30 mL 

solutions at 21 °C containing HNO3, SO4
2-, UO2

2+, Pu4+, and Pu3+ in concentrations equal to those 

encountered during the laboratory experiments. The density of the simulated solutions was 

determined from the concentrations of U, Pu, and HNO3 in the solutions at 21 °C by using the 

equation previously developed by Kumar and Koganti [50]. From this, the density of the solutions 

varied between 1.0217 g mL-1 (for a 0.9 mol L-1 HNO3 solution where U:Pu = 0) and 1.0375 g mL-1 (for 

a 0.9 mol L-1 HNO3 solution where U:Pu = 120). The pH of the solutions varied between 0.181 and 

0.204. 

 

Results and analysis 

1 – Sulfate analysis results 

The individual results of the sulfate analyses for a series of mixed Pu + U samples (YD 50, YD51, YD54, 

YD55, and YD57) originating from a standard initial solution with a U:Pu ratio of 95.6 (EQRAIN (U+Pu) 

n°02, vials # S061, S074, and S089) are shown in the supporting information of this paper (Appendix 

A, section A.3, figure A.5). From these results it was observed that the average total concentration of 
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sulfates, \) ]^�_�, in the mixed Pu + U samples (50 ± 13 mmol L-1) (k=2) is consistent with the value 

calculated  from the stoichiometry of the Pu(SO4)2 and UO2SO4 crystals (48.2 ± 1.5 mmol L-1) (k=2); 

created during the fuming phase of the sample preparation procedure (such that �`ab = 2 �� +
1 �c). This confirms that the actinide sulfate crystals are the sole source of sulfate anions in the 

analysed CPC solutions and that excess sulfate from the added H2SO4 has been eliminated in the form 

of sulphur trioxide (SO3) gas during the fuming step. 

 

2 – Cyclic voltammetry and coulogram results 

 

 

Figure 2: Cyclic voltammograms showing the electrochemical response of the Pu(IV)/Pu(III) redox 

couple in representative solutions of Pu nitrate (solid line, sample YD 60), Pu + H2SO4 (dashed line, 

sample YD 63), and Pu + U (dotted line, sample YD 51) in HNO3 (0.9 mol L-1). The scans were 

performed at a rate of 10 mV s-1 with an Au mesh working electrode. The curves have been 

normalised with respect to the maximum peak current response for each sample.  

 

The cyclic voltammograms and coulograms for solutions containing pure Pu (sample YD 60), Pu + U 

(U:Pu = 95.6, sample YD 51), and Pu + H2SO4 (sample YD 63) are presented in figures 1 and 2, 

respectively. The three specific solutions presented in these figures (YD 60, YD 51, and YD 63) were 

chosen as representative samples for the whole series of repetitions performed on each solution 

type.  The data presented in figures 2 and 3 has been normalised for clarity as the different samples 

studied contained different quantities of Pu, which affect the magnitude of the current response.  

The redox peak distances in figure 2 were calculated to be 69, 95, and 76 mV for the Pu, Pu + H2SO4, 

and Pu + U solutions. The relative proximity of the peak-to-peak distances demonstrated that the 

addition of H2SO4 and U did not significantly affect the electron transfer kinetics between the 

systems, allowing the Pu(IV)/Pu(III) redox couple to remain electrochemically reversible. It has been 

previously established [51] that the formal potential of a quasi-reversible redox couple can be 

estimated from a voltammogram by taking the midpoint between the couple’s redox peaks. As such, 

from the data presented in figure 2 an �� (!")/� (!!!)��  of 667, 624, and 588 mV / SCE was estimated 
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for the studied Pu (sample YD 60), Pu + H2SO4 (sample YD 63), and Pu + U (sample YD 51) solutions, 

respectively. 

A better estimate of a redox couple’s formal potential can be obtained by studying the couple’s 

coulogram. As such, this technique was used exclusively throughout this study for the CPC and 

�� (!")/� (!!!)��  analyses. From the coulograms shown in figure 3 it was thus possible to calculate 

�� (!")/� (!!!)��  in the studied solutions: �de(FFF)/de(Ff)0′ = 671 mV / SCE for pure Pu (sample YD 60); 

636 mV / SCE for Pu + H2SO4 (sample YD 63); and 595 mV / SCE for Pu + U (sample YD 51).  

It can be seen from both figures 2 and 3 that �� (!")/� (!!!)��  in the mixed solutions is cathodically 

shifted with respect to that observed in the pure solutions. The occurrence of this shift in both the Pu 

+ H2SO4 and Pu + U solutions, as well as the comparable peak shapes of the Pu and Pu + U solutions in 

figure 2 indicate that – in accordance with literature expectations [11,17] and the redox peak 

potentials of the UO2
2+/U4+couple [52] – the presence of sulfate anions rather than the uranyl cations 

is the most probable cause of the observed shift. 

 

  

Figure 3: Coulograms of representative Pu (solid line, sample YD 60), Pu + H2SO4 (dashed line, sample 

YD 63), and Pu + U (dotted line, sample YD 51) solutions in HNO3 (0.9 mol L-1). The inflexion point of 

each curve (corresponding to the solution’s  �� (!")/� (!!!)�� ) has been marked. 

As such, the observed shift in �� (!")/� (!!!)��  can be attributed to an interaction between the sulfate 

ligands and Pu cations in the studied solutions. This can be seen more clearly from the collated data 

of all of the experiments performed for each solution series presented in table 3 where increasing 

concentrations of total SO4
2- in solution are accompanied by a decrease in �� (!")/� (!!!)�� . By using 

computational simulations, it was possible to clarify the origin of this shift and the precise role played 

by sulfate anions in the studied solutions.  

 

Table 3: Evolution of �� (!")/� (!!!)��  in relation to the total concentration of sulfates in solution for 

the three types of solution studied during the present experiment.  
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Solution SO4 : Pu 
hijklmno 

(mmol L-1) 

pqj(rs)/qj(rrr)R�   

(mV / SCE) 

Pure Pu a 2.0 ± 0.1 1.50 ± 0.05 671 ± 5 

Pu + H2SO4
 a, b

 25 ± 1  22.5 ± 0.7  636 ± 5  

Pu + U a, c 110 ± 26  50 ± 13  599 ± 16  

 

a The errors for the Pu and Pu + H2SO4 samples are taken at k=2 whilst the error on the Pu + U 

samples corresponds to two times the standard deviation of the measurements (2s). b Results 

corresponding to the mean of 3 measurements. c Results corresponding to the mean of 11 

measurements. 

 

2 – Speciation Results 

The speciation of the main (concentrations > 1 μmol L-1) species present in the studied Pu + U 

solutions in aqueous HNO3, as simulated through PhreeqC, are shown in relation to the U:Pu molar 

ratio and the total sulfate concentration in the system (\) ]^�_�) in figure 4 (middle and lower graphs 

for the speciation of U and Pu, respectively). The numerical values for the simulated distribution of 

the main species in the three different types of solution studied during this experiment can be found 

in the supporting information of this paper (Appendix A, section A.4, table A.3).  

In order to replicate the experimental conditions wherein the SO4
2- anions are brought into solution 

by the Pu(SO4)2 and UO2SO4 crystals generated from the sample fuming procedure, the sulfate anions 

in the simulations were introduced in conjunction with UO2
2+ cations in appropriate stoichiometric 

quantities. As such, the increase in total sulfate concentration, \) ]^�_�, in figure 4 is accompanied by 

equimolar increases in \cat  tu  to replicate the increasing quantity of UO2SO4 crystals in solutions with 

increasing U:Pu ratios. This can be seen in the top graph of figure 4 where the concentration of free 

sulfate ligands (HSO4
- and SO4

2-) directly follow the total concentration of U in the systems. 
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Figure 4: Results of the PhreeqC simulations showing the evolution of different species as UO2SO4 

crystals ([UO2
2+] = 0 - 57.6 mmol L-1) are dissolved in aqueous HNO3 (0.9 mol L-1) solutions containing 

Pu (0.490 mmol L-1, composed by equimolar quantities of Pu(III) and Pu(IV)) in relation to the 

solutions’ U:Pu ratio (or total sulfate concentration, \) ]^�_�). Upper: evolution of free ligand 

concentrations in relation to the concentration of actinides in solution. Middle: speciation distribution 

of significant uranyl species. Bottom: speciation of significant Pu(IV) and Pu(III) species. 

 

From the speciation of U in solution (figure 4, middle graph), it can also be observed that once 

dissolved in HNO3, the UO2SO4 crystals dissociate readily, leading to UO2
2+ being the primary form of 

U in solution, comprising 71% of the total U species when \`ab   = 1.47 mmol L-1 (U:Pu = 1) and 63% of 

the total U species when  \) ]^�_� = 47.2 mmol L-1 (U:Pu = 95.6). This predominance of the UO2
2+ 

cation is consistent with the relatively small formation constants for the UO2SO4, UO2 (SO4)2
2-

 , and 

UO2NO3
+ complexes (log(7>   ∗)  = 1.92, 3.15, and -0.36, respectively), as seen in table 1. Therefore, 

each addition of UO2SO4 crystals to the studied solutions will lead to a significant increase in quantity 

of free HSO4
- and SO4

2- ions, which remain available for complexation with other species present in 

solution (such as the Pu3+ and Pu4+ cations). 
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The evolution of the concentration of free sulfate and nitrate (NO3
-) anions as well as the total 

concentrations of U and Pu are shown in the top graph of figure 4 as a function of both the U:Pu ratio 

total sulfate concentration in the solutions. It can be seen that, in accordance with the dissociation 

constants of H2SO4 (- 8.6 ≤ pKa1 ≤ -4.5 and [53], and pKa2 = 1.99 [54]), at the studied pH levels (0.181 

– 0.204) the mono-protonated HSO4
- will be the dominant form of sulfate species in solution. 

Furthermore, the amount of free sulfate anions in solution increases with the amount of U added to 

the systems. This increasing availability of free sulfate anions relative to total Pu in solution can be 

expected to play a significant role in the actinide’s speciation in the studied systems. 

The effect of free sulfate anions on the speciation of Pu ions in solutions containing equimolar 

quantities of Pu(IV) and Pu(III) can be seen in the lower graph of figure 4. In this graph, where three 

(PuSO4
+, PuSO4

2+, Pu(SO4)2) of the five main complexes formed by the Pu cations are sulfate 

complexes (respectively composing 4.8%, 12%, and 35% of the total Pu in solution at U:Pu = 95.6). It 

is important to note that, as a consequence of the large differences between the complexation 

constants for the sulfate species in solution (as seen in table 1), Pu(IV) is more likely to be complexed 

with sulfate anions than Pu(III). Indeed, the complexation constant for the formation of PuSO4
+ 

(log(7>   ∗)   = 1.69) is much smaller than those for the formation of PuSO4
2+ (log(7>   ∗)  = 3.90) and 

Pu(SO4)2 (log(7>   ∗)  = 7.01), resulting in the amount of free Pu3+ in solution being much greater than 

that of Pu4+ . This is seen in figure 4 (bottom graph) where at low \) ]^�_� (1.47 mmol L-1, 

corresponding to U:Pu = 1), Pu(III) is present primarily as the Pu3+ cation (49.8% of the total Pu in 

solution) with only a minor amount of Pu(III) present as a complex (PuSO4
+, 0.18% of the total Pu in 

solution). At the same sulfate concentration, Pu(IV) is present as three different species: the PuNO3
3+  

nitrate complex (30% of the total Pu), the PuSO4
2+

 sulfate complex (5.9% of the total Pu), and the 

uncomplexed Pu4+ cation (9.8% of the total Pu). Although the complexation constant for the 

formation of Pu(SO4)2 is significantly larger than that of the other Pu-sulfate complexes, its presence 

at low concentrations of SO4
2- in solution remains relatively small (0.53% of the total Pu) due to the 

low availability of the complexing anion. 

As \) ]^�_�   is increased (to \) ]^�_�  = 47.2 mmol L-1, corresponding to U:Pu = 95.6) , a change occurs in 

the distribution of the Pu species due to the increased presence of complexing anions in solution. In 
the case of the Pu(III) valence, this change remains limited: although the proportion of the PuSO4

+ 
complex relative to the free Pu3+ cation increases (accounting for 4.75% of the total Pu), the free 
cation remains the dominant species in solution (45% of the total Pu). However, in the case of the 
Pu(IV) valence, as \) ]^�_�  increases to 47.2 mmol L-1 , the relative concentrations of PuNO3

3+ and Pu4+ 

decrease significantly, (to 2.1%, and 0.71% of the total Pu, respectively),  whilst the concentrations of 
PuSO4

2+ 
 and Pu(SO4)2  increase (to 12% and 35% of the total Pu, respectively) with the latter complex 

becoming the dominant species. The dominance of the Pu(SO4)2 complex occurs due to the large 
availability of free sulfate anions in solutions, as seen in the top graph in figure 4.  

This uneven complexation of sulfate ions between Pu3+ and Pu4+ cations, exacerbated by the 

increasing sulfate concentrations, will induce a shift in the �� (!")/� (!!!)��  of the solutions. Indeed, the 

electrochemical potential , �, of a given medium can be expressed through Nernst’s equation as 

shown in equation (12) where �°� (!")/� (!!!) is the standard potential of the redox couple at 

temperature T; R is the ideal gas constant; F is Faraday’s constant; T is the temperature of the 

medium (in K); ?� bu  and ?� wu  are the activities of the free Pu4+ and Pu3+ cations, respectively [26]. 

� = �°� (!")/� (!!!) +   + ,
�  ln y?� bu

?� wuz              (12) 
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The activity of a species ' is the product of its concentration and activity coefficient. As such, it is 

possible to express equation (12) as equation (13) where [PuWX] and [PuZX]  are the concentrations 

of free Pu4+ and free Pu3+, respectively; @� bu  is the activity coefficient of Pu4+; and @� wu  is the 

activity coefficient for Pu3+. 

� = �°� (!")/� (!!!) +   + ,
�  ln } [deWX]@� bu

[deZX] @� wu~          (13) 

Equation (13) can be simplified by introducing ����.  � (!")/� (!!!)° , a term for the apparent potential 

of the redox couple at temperature T (taking into account the effect of ionic strength), as shown in 

equation (14).  

� =   ����.  � (!")/� (!!!)° +    + ,
�  ln } [deWX]

[deZX] ~          (14) 

However, equation (14) does not take into account the cation complexation occurring in the current 

experiment. As the concentration of sulfate ions in the studied solutions increases, the sulfate 

complexation of the Pu4+ and Pu3+ cations becomes predominant, diminishing the molality of free 

cations. The extent of this complexation can be quantified in terms of the total concentration of each 

oxidative state of Pu by the complexation coefficient α as shown in equation (15) for both Pu cations 

(where \� (!!!) and \� (!") are the total concentrations of the Pu(III) and Pu(IV) valences, 

respectively). 

�� (!!!) = ���(���)
[� wu]            �� (!") = ���(��)

[� bu]            (15) 

Equation (19) can thereby incorporate the complexation of the Pu cations as shown in equation (16). 

� = ����  � (!")/� (!!!)° +   + ,
�  ln }�� (!!!)�� (!") ~ +    + ,

�  ln }\� (!")\� (!!!)~      (16) 

In the studied conditions, where the two Pu valences are present in equimolar quantities, the 

potential of the solution becomes the formal potential of the Pu(IV)/Pu(III) redox couple 

(�� (!")/� (!!!)�� ), allowing this special case to be expressed as equation (17). 

 

�°′� (!")/� (!!!) = ����.  � (!")/� (!!!)° +  + ,
�  ln }�� (!!!)�� (!")~         (17) 

It becomes apparent that the preferential complexation of Pu(IV) by the sulfates and nitrates relative 

to Pu(III), will have an important effect on the �� (!!!)/� (!")��  of studied solutions. Indeed, as the 

concentration of sulfates in the system increases, the disproportional increase of �� (!") relative to 

�� (!!!) will result in a reduction in the lny���(���)
���(��)z term which, as seen in equation (17), will induce a 

cathodic shift of the �� (!!!)/� (!")��  of studied solutions. This effect can be visualised more clearly in 

figure A.6 of the supporting information of this paper (Appendix A, section A.5) where the evolution 

of ln(�� (!!!)), ln(�� (!")), and lny���(���)
���(��)z for the simulated solutions are shown in relation to the 

solutions’ total concentration of sulfates, \) ]^�_�(and the U:Pu ratio).  
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The evolution of �°′� (!")/� (!!!) for solutions containing equimolar amounts of Pu(III) and Pu(IV), 

calculated from the speciation simulations in relation to the total sulfates in solution, \) ]^�_�, and 

the U:Pu ratio of the solutions, is presented in figure 5 in conjunction with the present study’s 

experimental values as well as the values previously reported by Ruas et al. [11]. The simulated 

values can be seen to lie within the confidence intervals of the experimental data, demonstrating a 

good correlation between the theoretical and simulated data. This confirms that the cathodic shifts 

in �� (!")/� (!!!)��  observed experimentally between Pu and Pu + U solutions (as seen in table 3), can 

be attributed to the complexation of Pu by SO4
2- anions; which originate mostly from the UO2SO4 

crystals created during the sample preparation procedure used for the coulometric analysis of Pu. 

Furthermore, the strong correlation between the two sets of data demonstrates that PhreeqC 

speciation simulations can be used to estimate the �� (!")/� (!!!)��   of studied Pu + U solutions from 

the concentration of sulfates (or the U:Pu ratio) in the solutions. Whilst it is important to note that 

such a method cannot supplant the use of a coulogram for the determination of a studied solution’s 

�� (!")/� (!!!)��  , it can provide a good estimate from which to calculate the applied potentials �$ and 

�% (see equations (2) and (3)). 

 

 

Figure 5: Simulated (dotted line) and experimental �� (!!!)/� (!")��  values for Pu + U (squares) and 

Pu  H2SO4 (diamonds) solutions in relation to the total \) ]^�_� in solution.  a Experimental values 

determined in the present study for Pu + U solutions.  b Experimental value determined in the present 

study for Pu + H2SO4 solutions. c Experimental values taken from Ruas et al.[11] The U:Pu ratio shown 

as the ordinate axis at the top of the graph does not correspond to the Pu + H2SO4 solution. The error 

bars on the experimental data correspond to the expanded uncertainty (k=2, for the Pu and Pu + 

Pu  H2SO4 solutions) or two times the standard deviation (for the Pu + U solutions)  

 

In the case of the highly accurate coulometric analysis of Pu in Pu + U solutions, the cathodic shift in 

�� (!")/� (!!!)��   induced by the complexation of sulfates is particularly important as it will significantly 

affect the degree of completion of the electrochemical reactions performed and therefore the 

importance of the � parameter (and, as such, the trueness of the analyses). 



20 
 

 

 

3 – Coulometry analysis 

As previously shown in equation (6), during coulometric analyses the degree of completion of the 

electrochemical reactions is incorporated into Faraday’s law by means of the “electrolysed fraction” 

factor, �, defined in equation (7).  This factor serves two purposes: firstly, it compensates for the fact 

that, at the applied potentials, the performed reactions do not reach 100% completion. Secondly, it 

takes into account differences in reaction completion caused by the shift of the Pu(IV)/Pu(III) formal 

potential due to sulfate complexation. 

The �$ and �% potentials applied during coulometry are centred on ����.��   (chosen due to its 

proximity to the �� (!")/� (!!!)��  for the pure Pu solutions in HNO3) in order to ensure an equivalent 

degree of completion of the Pu oxidation and reduction reactions in media without significant sulfate 

complexation effects. As such, the cathodic shifts in �� (!")/� (!!!)��  caused by the complexation of 

sulfates will induce a decrease in the degree of completion of the reduction reaction and an increase 

in the degree of completion of the oxidation reaction. This effect is illustrated in figure 6 where the 

values of �$ and �% determined by using ����.� �  as a centre point are shown in relation to the formal 

potentials of the three solutions studied as well as the values of �$ and �% adjusted to take into 

account sulfate complexation in Pu + U solutions (with a centre point at 601 mV / SCE). 

 

 

 

Figure 6: �� (!")/� (!!!)��  of the three solutions studied (dotted lines) in relation to the position of the 

applied potentials �$ and �%  when they are determined based on ����.� �  (675 mV / SCE). Also shown is 

the case when �1 and �2 are adjusted to consider the complexation effects of sulfate anions from a 

centre point potential of 601 mV / SCE. 

 

These changes in reaction completion as caused by the differences between ����.� �  and the 

�� (!")/� (!!!)��  of a solution (defined as ����) will have a significant effect on the � factor. A graphical 

representation of this effect can be seen in the supporting information for this paper (Appendix A, 

section A.6, figure A.7) where formal redox potentials of the three different types of solution studied 

in the present experiment are reported (in terms of ����.� �  = 675 mV / SCE). 
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In situations where ���� is ≤ 10 mV, the variations in � are minute (- 0.0016%). Such cases can be 

seen in the present study for the analysis of pure Pu solutions (where ����.��  = 675 mV / SCE and 

�� (!")/� (!!!)��  = 670 mV / SCE) and are encountered during the routine applications of coulometry 

for the analysis of Pu, where studied solutions remain relatively similar to each other (and thus 

display very small variations in �� (!")/� (!!!)�� ) [11,15]. The small variation of � in such cases signifies 

that the �� (!")/� (!!!)��  of the studied systems does not necessarily need to be measured individually 

for each sample in order to retain a high analytical accuracy. 

However, in situations where ���� is larger, the variation of the � factor becomes more important 

such that at ���� values of 39 mV a variation of - 0.04% occurs in the � factor. Such a case was 

encountered in the present study during the analyses of Pu + H2SO4 solutions where ����.��  = 675 mV / 

SCE and  �� (!")/� (!!!)��  = 636 mV / SCE due to the increased complexation of the Pu4+ cations by 

SO4
2- anions. 

This effect becomes further pronounced as ���� increases. In the present experiment, ���� values of 

76 mV were observed during the analyses of the Pu + U solutions (����.��  = 675 mV / SCE and  

�� (!")/� (!!!)��  = 599 mV / SCE), leading to large variations in � values (- 0.22%). Considering the 

importance of this variation in � values, the changes in �Pu(III)/Pu(IV)0′  between the studied samples 

were considered non-negligible in order to perform the CPC analysis of Pu in Pu + H2SO4 solutions at 

the desired levels of accuracy in the present experiment. Experimentally, this resulted in a systematic 

measurement of �Pu(IV)/Pu(III)0′  for each analysed sample. 

It follows that, for analyses such as those performed in the present experiment, where the studied 

solutions have an unknown �� (!")/� (!!!)��  (which, in order to maintain CPC’s high level of accuracy, 

can only be measured after performing the coulometric analysis of the sample), a systematic 

measurement of the analysed solutions’  �� (!")/� (!!!)��  is essential. Such a measurement allows an 

accurate calculation of the � factor to compensate for each experiment’s ΔE°’. In the present study 

the  ���(��)/��(���)��  of each studied solution was measured following CPC analysis, in order to 

adequately adjust the f factor to any variation in formal potential, and thereby minimise uncertainty 

of the results. 

The collated results and key parameters for the coulometric analyses of Pu + U  solutions performed 

in the present study are reported in table 4 in comparison to the results for pure Pu solutions as 

previously reported by our group [15] (the raw experimental data can be found in the supporting 

information in this document in section A.7 of appendix A). It can be seen that the mean Pu 

concentration in the analysed Pu + U samples was determined to be (1.1192 ± 0.0023) mg g-1 (k=2) 

which corresponds to a bias of less than 0.04% relative to the known reference concentration. The 

uncertainty on the  result corresponds to 0.10 % (k=1), a value consistent with that previously 

reported for the analysis of pure Pu samples with five replicates (0.09%; k=1) [15]. It is thus clear that 

by using the � factor to take into account the shifts in �� (!!!)/� (!")��  caused by the complexation of 

sulfates with Pu cations, it was possible to reach a good degree of analytical accuracy even in the 

presence of large amounts of U (and consequently SO4
2-). 

 

Furthermore, it is important to note that this study’s results are in good agreement with the 

international atomic energy agency’s (IAEA) international target values (ITVs-2010) of 0.14% (k=1) 
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[10]. This coherence between uncertainties demonstrates that coulometry can be extended 

effectively to the study of Pu in Pu + U solutions whilst retaining its characteristically high accuracy.  

 

Table 4: Collated results of the CPC analyses performed on the Pu + U solutions studied. The errors 

correspond to the expanded uncertainty for the values at k=2. 

Solution pqj(rrr)/qj(rs)R�  l 
[Pu] 

(mg g-1) 

[Pu]ref 

(mg g-1) 

Bias  

(%) 
Source 

Pure Pu 670 ± 5 a 0.999734 a 5.5307± 0.0045 a 5.5326± 0.0066 a -0.03 a 
Picart 
et al. a 

Pu + U 600 ± 8  b 0.997213 b 1.1192 ± 0.0023 b 1.1192 ± 0.0066 b Less than 0.04 b 
Present 
study 

 

a The results for this series correspond to the arithmetic mean of 5 samples, taken from Picart et 

al.[15] 

b The values for this series correspond to the arithmetic mean of 8 samples analysed in the present 

experiment. 

A deeper understanding on the precision of the coulometric procedures, as well as the effects of 

varying the E1 and E2 applied potentials, can be gained by studying individual analysis results. Table 5 

compares the CPC analysis results of four samples originating from a given Pu + U standard solution 

(vial #S061, U:Pu = 95.6) analysed using E1 and E2 determined by using ����.��  as a centre point, with 

the results of four samples of another Pu + U standard solution (vial #S089, U:Pu = 95.6) where E1 

and E2 are based on a centre point of 601 mV / SCE. The bias of the CPC analyses of Pu + U solutions 

relative to the known reference concentration of Pu in the solutions is also shown in figure 7 for 

clarity. 

From the first series of results presented in table 5 and figure 7, it was possible to investigate the 

accuracy of the applied experimental protocol. The relative standard deviation between the results 

of samples YD 48, YD 49, YD50, and YD 51 was calculated to be 0.17% (corresponding to a standard 

deviation of 0.00095 mg g-1
 of Pu).   

A better estimate of the CPC measurement uncertainty was achieved by applying the Monte Carlo 

Method of statistical analysis previously described by Picart et al.[15] (an example of this calculation 

is provided in this paper’s supporting information, appendix A, section A.8 ). Through this method, a 

standard uncertainty of 0.00078 mg g-1 was estimated for the CPC analyses performed in the present 

study. From this uncertainty value as well as the relative standard deviation between the results, the 

coulometric procedure used for the analysis of mixed Pu + U solutions during this experiment can be 

seen to display a good precision.  

The significance of the bias reported in table 5 (-0.014%) for the analyses YD48 to YD51 can be 

analysed through the use of the normalised deviation term, ��, as previously described by Picart et 

al.[15] �� can be calculated as shown in equation (18), where e��� and e��^ are the standard 

uncertainties on the studied sample’s mean experimental Pu content and reference Pu content 

values, respectively. If the �� for a given set of data is less than 2 in absolute terms, the bias in the 

method is considered non-significant. In the case of the present experiment, the En for a mean of five 

replicate CPC analyses of Pu + U solutions is 0.14. As the calculated En value is inferior to 2, the bias of 
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the analyses can be considered non-significant. It follows that, when using the procedure presented 

in this study, the CPC analysis can be considered a true method for Pu amount determination in 

presence of U. 

�� = �[de]>��� – [de]��^�
�e���% − e��^%   

   =     |1.11904 –  1.11920|
√0.00095 % − 0.00046 %  = 0.14            (18) 

 

The final result for this series of analyses can thus be expressed from the mean value of the 4 

replicates and the expanded uncertainty calculated by the Monte Carlo Method as: 

 [Pu] = (1.11904 ± 0.00155) mg g-1 with a relative expanded uncertainty of 0.14% (k=2). 

 

It is important to note that the results for experiments YD48 to YD 51 (seen in table 5) were obtained 

from coulometric analyses where the applied potentials E1 and E2 were determined from ����.��  (which 

differs by circa 75 mV from the �� (!")/� (!!!)��  of the studied Pu + U solutions). As seen in figure 6, 

this shift resulted in �� (!")/� (!!!)��  no longer being centred between E1 and E2  . Indeed the applied E1 

was then only distant by 160 mV from the solution’s �� (!")/� (!!!)��  (consequently, the oxidizing 

potential E2 was 300 mV from the solution’s �� (!")/� (!!!)�� ). This shift induced a change of more than 

0.1% in the completion of the first electrochemical step performed during CPC analysis, explaining 

the large variation observed in � (shown in figure A.7 (Appendix A, section A.6)). Nonetheless, the 

good precision in reproducibility conditions (table 5) as well as the high accuracy (table 4) of the 

results obtained demonstrate the suitability of � as a corrective factor during coulometric analysis.  

Table 5: CPC analysis results of Pu + U solutions (U:Pu = 95.6) when E1 and E2 were determined from 

����.��  in comparison to the results obtained when E1 and E2 were adjusted to take into account sulfate 

complexation. 

Experiment 

ID 

p� 

(mV / SCE) 

p� 

(mV / SCE) 

pqj(rrr)/qj(rs)R�  

(mV / SCE) 
l 

[Pu]  

(mg g-1) 

[Pu]ref 

(mg g-1) 

Bias 

(%) 

YD 48 

445 905 

620 0.9988917 1.1189 1.1192 -0.026 

YD 49 602 0.9977704 1.1199 1.1192 0.061 

YD 50 592 0.9967339 1.1165 1.1192 -0.243 

YD 51 595 0.9971333 1.1209 1.1192 0.151 

   Mean [Pu] (mg g-1) 1.1190 Mean bias (%) -0.014 

   [Pu] RSD (%) 0.17   

YD 56 

371 831 

591 0.9997337 1.1219 1.1192 0.245 

YD 57 593 0.9997387 1.1170 1.1192 -0.194 

YD 58 600 0.9997365 1.1188 1.1192 -0.034 

YD 59 602 0.999745 1.1199 1.1192 0.064 



24 
 

 
  

Mean [Pu] (mg g-1) 1.1194 Mean bias (%) 0.018 

 
  

[Pu] RSD (%) 0.184   

 

Once the �Pu(IV)/Pu(III)0′  of the Pu +U solution is known, it is possible to shift E1 and E2 to 

accommodate for the change in �Pu(IV)/Pu(III)0′  induced by the sulfate complexation. The shifted 

potential, set to 601 mV / SCE, can be seen in figure 6. This shift recentres E1 and E2 around 

the ���(��)/��(���)��  of the Pu + U solutions, thereby enabling a more complete reduction during the 

first step of CPC analysis.  The effect of adapting the potentials applied during CPC analysis to 

compensate for the shift in �Pu(IV)/Pu(III)0′  can be seen in the second set of results reported in table 5 

and figure 7, where E1 and E2 were adjusted to have a centre point at 601 mV / SCE. It is also 
important to note that the shift in potentials changes the value of � from 0.9976 to 0.9997, thus 
reducing its impact on the overall analysis result.  
 

For this second series of analyses, an average bias of 0.018% and a relative standard deviation of 

0.18% (corresponding to an absolute uncertainty of 0.0010 mg g-1 of Pu) were calculated.  The En for 

this series of results was thus calculated to be 0.16, demonstrating the non-significance of the bias. 

As such, it was possible to express the final results for this series of experiments through the mean 

value of the 4 replicates and the expanded uncertainty calculated by the Monte Carlo Method: 

[Pu] = (1.11939 ± 0.00155) mg g-1 with a relative expanded uncertainty of 0.14% (k=2). 

 

By comparing the two sets of data in table 5 and figure 7, it can be seen that whilst adapting the 

applied potentials to the solution’s �� (!")/� (!!!)��   decreased the significance of the � factor (bringing 

it closer to 1), it did not significantly increase the accuracy of the final analysis results. In fact, the 

analyses performed by using shifted E1 and E2  values showed a non-significantly different accuracy 

(trueness: average bias of 0.018%) and precision (RSD of 0.18%) with respect to those performed 

whilst applying the unadjusted E1 and E2 potentials (trueness: bias of -0.014 % and precision: RSD of 

0.17%). Consequently, as can be seen in figure 7, as long as a studied solution’s �Pu(IV)/Pu(III)0′  is 

appropriately determined in order to calculate the � factor, shifting the E1 and E2 potentials during 

CPC analysis does not bring significant advantages. Furthermore, it is important to remember that, in 

order to achieve a high analytical accuracy during CPC, the deviation between ����.��  and 

�� (!")/� (!!!)��  must be taken into account, rendering the measurement of the studied solution’s 

�� (!")/� (!!!)��  imperative. 
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Figure 7: Bias of the CPC analysis results for experiments YD48-51 (squares) and YD56-59 (diamonds), 

the grey band corresponds to the 0.12% uncertainty on the reference Pu concentrations.  

 

Based on the results hitherto obtained, the authors of this paper recommend that, when performing 

CPC analyses of Pu on mixed Pu + U solutions (or, in a more general term, CPC analyses of solutions 

wherein the formal potential of the studied redox couple is shifted from a known value of apparent 

potential), the �� (!")/� (!!!)��  of the studied solutions should be measured systematically for each 

solution. Such a measurement, performed through the use of a coulogram only after CPC analysis, 

would allow to calculate an appropriate � factor for the studied systems.  Finally, whilst it is possible 

to implement a shift in applied potentials to compensate for variations in formal potential in the case 

of sulfate complexation, this does not provide an improvement in analysis results.  

 

Conclusions 

During the series of experiments presented in this paper, it was shown that the coulometric 

determination of Pu can be applied to mixed Pu + U nitric acid solutions containing large quantities of 

U (U:Pu ≤ 95.6) whilst maintaining the technique’s particularly high accuracy. Indeed, the uncertainty 

of the CPC analysis performed on Pu + U nitric acid solutions (0.08% at k=1) was consistent with 

IAEA’s ITVs-2010 values for the CPC analysis of Pu in Pu nitric acid solutions (0.14% at k=1) [10]. 

These results demonstrate the applicability of CPC, as performed with the procedure detailed in this 

study, for the routine analysis of mixed Pu + U solutions at an international level. 

The in-depth electrochemical studies performed further allowed attribution of the interferences 

previously observed by Ruas et al. during the CPC analysis of Pu in Pu + U solutions to the presence of 

sulfate ions introduced with the U as UO2SO4 crystals in the fuming step. The particular role of the 

sulfate ions was further explored through speciation simulation studies, which demonstrated a 

preferential complexation of the SO4
2- anions towards Pu4+ rather than Pu3+ cations in solution and 

allowed to quantify the effect of this complexation on the decrease of the formal potential of the 

Pu(IV)/Pu(III) redox couple. The difference between the complexation of Pu(IV) and Pu(III) leads to a 

shift in �� (!!!)/� (!")��  between pure Pu solutions and mixed Pu + U solutions, which affects the 

degree of completion of the electrochemical reactions performed during CPC analysis. In the present 
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experiment, it was shown that the corrective “electrolysed fraction” factor, �, which is usually 

applied in order to reach a high analytical accuracy, was also effective in compensating for the shifts 

in �� (!!!)/� (!")��  arising from the complexation of sulfates. Although the importance of � on the 

analysis results increased as the �� (!!!)/� (!")��  drifted from that of pure Pu nitrate solutions, the 

accuracy of the CPC analyses remained unaffected. 

 

Ultimately, it was possible to establish recommendations for the high accuracy CPC analysis of Pu in 

the presence of large quantities of U (U:Pu ratios up to 95.6:1). These recommendations, as well as 

the increased understanding of the speciation of Pu in Pu + U aqueous acidic solutions in relation to 

sulfates in an HNO3 medium, will be particularly important for the future adoption of CPC as a 

cornerstone in the metrology of Pu in mixed Pu + U solutions.   
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