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Abstract: The quantification of plutonium in technological streams during spent nuclear fuel (SNF)
reprocessing is an important practical task that has to be solved to ensure the safety of the process.
Currently applied methods are tedious, time-consuming and can hardly be implemented in on-line
mode. A fast and simple quantitative plutonium (IV) analysis using a potentiometric sensor array
based on extracting agents is suggested in this study. The response of the set of specially designed
PVC-plasticized membrane sensors can be related to plutonium content in solutions simulating real
SNF-reprocessing media through multivariate regression modeling, providing 30% higher precision
of plutonium quantification than optical spectroscopy.
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1. Introduction

The typical industrial procedure for spent nuclear fuel (SNF) reprocessing implemented worldwide
with minor variations is PUREX (Plutonium–Uranium Extraction)—a hydrometallurgical process
where SNF is dissolved in concentrated nitric acid and the fuel components are separated from each
other through the series of extraction/back-extraction steps between aqueous and organic phase to
obtain uranium and plutonium [1]. Plutonium is one of the key target components and the content of
this element must be thoroughly controlled through all the steps to ensure the safety and efficiency
of the process. From the analytical chemistry point of view, the SNF reprocessing media is quite a
challenging analyte due to its high radioactivity and strong acidity. In order to decrease the radiation
burden for personnel and to ensure appropriate functioning of the analytical instrumentation, the
samples taken from PUREX are normally diluted multiple times. The methods currently in use for
plutonium quantification in process streams are mainly inductively coupled plasma atomic emission
spectrometry (ICP-AES) [2] and mass spectrometry (ICP-MS) [3]. While providing perfect sensitivity
and selectivity, these methods are rather time-consuming and can hardly be implemented in on-line
mode. The results of such analyses are normally available only several hours after sampling, making
timely interventions into the process run impossible. At some stages of the PUREX process, radiometric
methods such as alpha spectrometry are also applied for plutonium quantification, but they require
sample preparation as well.

In recent years, a novel approach towards analysis of PUREX process streams has emerged. It
is based on the use of modern fiber optic probe UV-Vis-NIR and Raman spectrometers combined
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with chemometric data processing [4–8]. It was shown to be applicable for on-line determination of
uranium, plutonium, nitric acid and lanthanides [9–13]. However, optical spectroscopy tools suffer
from the inability to deal with non-transparent and highly scattering media, which is often the case
at certain stages of PUREX. Moreover, in some cases optical spectroscopy cannot ensure sufficiently
low detection limits for plutonium. In this respect, electrochemical sensing appears to be an attractive
addition to these methods, as it can provide the quantification of very low concentrations of target
analytes and allows measuring in turbid liquids.

Electrochemical sensing of plutonium is rather poorly covered in literature. There are several
reports describing voltammetric sensors for plutonium [14–18] based on glassy carbon, Pt and Au
working electrodes. In [15], the use of a glassy carbon electrode for plutonium determination
in 0.5 M perchloric acid was suggested. The working concentration range in this study was
2.24 × 10 −4–4.48 × 10−3 mol/L. Although direct voltammetric sensing of plutonium seems viable, it has
certain drawbacks, like poisoning of the Pt and Au working electrode surfaces through the formation
of Pt-O and Au-O bonds and the inferior sensing properties of glassy carbon electrodes. A number of
studies were further devoted to modification of electrode surfaces [16–18]. In [17], the authors have
modified gold electrodes with single-walled carbon nanotubes for simultaneous determination of
plutonium and uranium. This configuration allowed the determination of uranium and plutonium
in 1 M sulfuric acid. The detection limit was 8.2 mM for plutonium and 2.4 mM for uranium. Then
the proposed electrode was tested on fuel samples for Fast Breeder Test Reactor (FBTR) and has
shown acceptable analytical performance. The modification of glassy carbon electrode surfaces with
ruthenium nanoparticles [18] allowed simultaneous quantification of Pu and Np with detection limits
of 1.5 and 6.5 µmol/L correspondingly.

Potentiometric sensing of plutonium is much more challenging, and we have found only a single
attempt to create such sensors [19]. Besides radioactivity issues, this is due to the fact that the chemistry
of neighboring actinides is very similar and ligands providing the binding of plutonium will normally
bind uranium as well. Thus, the selectivity of plasticized polymeric membranes based on such ligands
will be insufficient for real application in SNF analysis. Another serious concern is the low pH level of
the target samples contributing to ligand protonation and deteriorating sensitivity towards plutonium.
All these issues are discussed in [19].

It was shown that the insufficient potentiometric selectivity of discrete sensors can be effectively
compensated by the application of sensor arrays with varying cross-sensitivity patterns. The mixtures
of lanthanides with very similar properties were effectively resolved using the set of potentiometric
sensors based on various ligands suggested for lanthanide and actinide separation [20,21]. In this
study, the extension of this methodology towards plutonium analysis is suggested. The quantification
of plutonium in PUREX model solutions with potentiometric multisensor array is reported for the
first time.

2. Materials and Methods

2.1. Samples

Individual aqueous solutions of plutonium were prepared from PuO2 and HNO3 according
to [14]. The stock solution was purified from daughter products at an ion-exchange column [14].
The concentration of plutonium was determined by radiometric method. The Pu4+ form was stable
at these conditions. It must be pointed out that the major isotope is 239Pu, which has a specific
activity of about 2.3 GBq/g and thus all standard precautions for handling radioactive solutions were
carefully observed during the experiment. Aqueous solutions of uranyl nitrate were prepared by
dissolving (UO2(NO3)2·6H2O, supplied by JSC Isotope, Moscow, Russia) in distilled water. Then the
concentration of uranium was determined by the titration of uranium with ammonium vanadate
(barium diphenylamine sulfonate as indicator) [22]. The concentration of nitric acid was determined
by titration with 0.1 M NaOH (methyl orange as indicator).
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Three sets of plutonium solutions were studied. The first one contained 1 × 10−7–1 × 10−4 M
plutonium(IV) in 1.5 M nitric acid and was employed to study the sensitivity of the sensors in nitric
acid. The second set was employed to explore the sensitivity of the sensors to Pu4+ in the presence of
technologically relevant uranium concentrations. This set contained 10–50 mg/L Pu4+ in 1.5 M HNO3

and 500 mg/L of uranium. The third set was employed as a simulation of the real industrial PUREX
conditions. It contained 20 mixtures of Pu (10–50 mg/L) and U (10–1000 mg/L) in 1.5 M nitric acid,
closely mimicking the composition of the first PUREX cycle raffinate. Compositions of these mixtures
are given in Table 1.

Table 1. The composition of 20 Pu-U mixtures (mg/L) in 1.5 M HNO3.

# Mixture 1 2 3 4 5 6 7 8 9 10

Pu 0 0 0 10 10 10 20 20 20 30
U 10 400 1000 200 600 1000 10 400 800 200

# Mixture 11 12 13 14 15 16 17 18 19 20
Pu 30 30 40 40 40 50 50 50 50 50
U 600 1000 10 400 800 10 200 400 600 1000

Although there are special calibration designs for the two component mixtures described in
literature [23,24], in this case we had to deal with the limited number of fixed concentration levels to
meet safety requirements of Pu4+ solutions handling and to minimize the waste amount.

2.2. Sensor Preparation and Potentiometric Measurements

The sensor array consisted of 17 potentiometric polymeric membrane electrodes. Various ligands
suggested earlier in liquid extraction processes for the separation and concentration of actinides and
lanthanides were employed as membrane active compounds. The choice of particular extracting
agents providing for the diversity of sensor response patterns was made from the literature. Such
an approach was recently found to be applicable for the quantification of thorium [25]. The details
of sensor membrane compositions and preparation protocol are provided in the Supplementary
Materials Table S1. Figure S1 (Supplementary Materials) shows the visual appearance of the developed
sensor array.

The potentiometric measurements were carried out in a 25 mL Teflon beaker under stirring using
the galvanic cell:

Cu | Ag | AgCl, KClsat | sample solution | sensor membrane | 0.01 M NaCl, Ag | AgCl | Cu.
The standard Ag/AgCl electrode EVL 1M 3.1 (ZIP, Gomel, Belorussia) was used as a reference

electrode. The glass electrode ESL 63-07 (ZIP, Gomel, Belorussia) was employed to monitor the pH of
the samples; it was calibrated with standard buffer solutions prior to the experiment. Potential values
were measured with ± 0.1 mV precision using a 20-channel digital mV-meter (Sensor Systems, LLC,
St. Petersburg, Russia) with high input impedance, connected to a PC for data acquisition. Sensor
readings were registered after 3 min measurements in each studied solution.

All numerical values presented below were averaged over three replicated measurements.
Potentiometric sensitivity of the sensors was determined as the slope of the linear part of the

sensor response curve in lgC − E (mV) coordinates, where C is the primary ion concentration in the
sample. All the potentiometric measurements were performed in 1.5 M HNO3 (pH ≈ 0) to suppress
hydrolysis and to provide constant ion strength. Due to this, we used concentration values throughout
the experiment and did not perform the correction for activity. Moreover, highly acidic conditions are
very typical for PUREX.
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The determination of selectivity coefficients for plutonium was performed by the separate solution
method (SSM) in 1 × 10−4 M solutions according to the equation:

lgKPu/X =
EX − EPu

Sensitivity
+ lg

 10−4

(10−4)
4/zX

, (1)

where KPu/X is the selectivity coefficient (Pu—primary ion, X—interfering ion); EPu and Ex are EMF
values of the cell upon the measurements in monocomponent solutions of Pu and X, accordingly; and
Zx is the charge of the interfering ion.

The selectivity coefficients were calculated against the following ions: UO2
2+, Th4+, La3+, Ce3+,

Pr3+, Nd3+, Sm3+, Eu3+, Gd3+—typical constituents of SNF reprocessing media.

2.3. UV-Vis-NIR Spectroscopic Measurements

In order to compare the performance of the sensors with that of known optical spectroscopy
methods, the mixtures presented in Table 1 were also measured with UV-Vis-NIR spectrometer AvaSpec
(Avantes B.V., Apeldoorn, The Netherlands) in the 184–1100 nm range with 0.53 nm step. The sample
cell (10 mm × 10 mm × 40 mm, L ×W ×H) containing 0.5 mL of the sample was placed in a special
holder for transmission measurements. The holder was coupled with two optical fibers supplying
the light beam from a deuterium-halogen light source AvaLight-DH-S-BAL (Avantes B.V., Apeldoorn,
The Netherlands) and receiving the transmitted light to convey it to the spectrophotometer. Proprietary
Avantes software was used for data registration. The final spectrum of each particular sample was an
average from over 150 repeated scans. All measurements were performed at room temperature.

2.4. Multivariate Data Processing

The multivariate data obtained from the sensor array during the measurements in mixtures of
Pu and U and the data from the spectrophotometric experiment were processed using Projection on
Latent Structure (PLS) regression [26]. All sensor responses were mean centered and scaled with the
standard deviation prior to the modeling. Root mean square error of prediction (RMSEP) was used to
evaluate models’ performance:

RMSEP =

√√√ n∑
i=1

(yi,re f − yi,pred)
2

n
, (2)

where yi,ref and yi,pred are the reference and predicted concentrations of an analyte in the ith sample and
n is a total number of samples in a test set.

All calculations were performed with The Unscrambler 9.7 software package (CAMO,
Oslo, Norway).

3. Results

3.1. Sensitivity and Selectivity of the Individual Sensors

The following results of potentiometric sensitivity towards plutonium (IV) are the first ever data
published on this topic.

In order to study sensor sensitivity to Pu4+, measurements of 1 × 10−7–1 × 10−4 M plutonium in
1.5 M nitric acid were performed. Each sensor demonstrated stable potential readings after 10–20 s of
immersion in a solution. The typical responses of several sensors are shown in Figure 1. The Nernstian
value of sensitivity towards quadruply charged cations is 14.7 mV/dec. Figure 2A summarizes the
Pu4+ sensitivity values for all studied sensors.
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Figure 1. Typical potentiometric response curves in Pu4+ aqueous solutions with 1.5 M HNO3. The 

presented EMF values are determined with ± 0.1 mV precision. 
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Figure 1. Typical potentiometric response curves in Pu4+ aqueous solutions with 1.5 M HNO3. The
presented EMF values are determined with ± 0.1 mV precision.

Due to personnel radiation exposure considerations, each separate experiment with radioactive
plutonium solutions must be carefully justified. In order to minimize such exposure, no special
measurements to assess the limits of detection (LD) for Pu4+ were performed. LDs were estimated
from the data reported just above and they were around 5 × 10−7 M Pu4+ for most of the sensors.

After the first series of measurements in plutonium solutions, it was found that sensor membranes
became radioactive. Using DKS-96 (SPC “Doza” Ltd., Zelenograd, Moscow, Russia), we have measured
the average density of alpha-radiation flux for each of the sensors with 40 s exposition in three replicates
(Figure 2B) at a distance of 1 cm away from the membrane surface. There was no correlation observed
between the radioactivity values and the sensitivity values of the sensor membranes (compare the
patterns in Figure 2A,B). Despite the high radioactivity of the materials, sensor responses were stable
over the whole duration of the experiment (about 45 days).

Selectivity was evaluated for the sensors that demonstrated Pu4+ sensitivity values above
10 mV/dec. The sensor compositions S2, S10, S12, S17 were not considered. Selectivity data are
summarized in Table S2 (Supplementary Materials). It is important to mention that thermodynamically
strict consideration of these values is not possible, since the responses of the sensors towards the
primary and interfering ions are often far from theoretical values. Moreover, due to the second term in
Equation (1), the calculation of Pu4+/UO2

2+ selectivity values (where this term equals 4) appears to
be strongly shifted in the favor of uranium. Thus, the values in Table S2 should be taken with some
skepticism. Even their qualitative value is questionable in the case of uranium, where all of the sensors
appear to be selective towards UO2

2+, which is in contradiction with further results of this study and
relates to the nature of selectivity calculation formalism, where theoretical response values for all the
studied ions are required.
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Figure 2. (A) Potentiometric sensitivity values to Pu4+ for the studied sensors. (B) Radioactivity of the 

sensor membranes after the measurements in plutonium solutions. 

Due to personnel radiation exposure considerations, each separate experiment with radioactive 

plutonium solutions must be carefully justified. In order to minimize such exposure, no special 

measurements to assess the limits of detection (LD) for Pu4+ were performed. LDs were estimated from 

the data reported just above and they were around 5 × 10−7 M Pu4+ for most of the sensors. 

After the first series of measurements in plutonium solutions, it was found that sensor membranes 

became radioactive. Using DKS-96 (SPC “Doza” Ltd., Zelenograd, Moscow, Russia), we have measured 

the average density of alpha-radiation flux for each of the sensors with 40 s exposition in three replicates 

(Figure 2B) at a distance of 1 cm away from the membrane surface. There was no correlation observed 

between the radioactivity values and the sensitivity values of the sensor membranes (compare the 

patterns in Figure 2A,B). Despite the high radioactivity of the materials, sensor responses were stable 

over the whole duration of the experiment (about 45 days). 

Selectivity was evaluated for the sensors that demonstrated Pu4+ sensitivity values above  

10 mV/dec. The sensor compositions S2, S10, S12, S17 were not considered. Selectivity data are 

summarized in Table S2 (Supplementary Materials). It is important to mention that 

thermodynamically strict consideration of these values is not possible, since the responses of the 

sensors towards the primary and interfering ions are often far from theoretical values. Moreover, due 

to the second term in Equation (1), the calculation of Pu4+/UO22+ selectivity values (where this term 

equals 4) appears to be strongly shifted in the favor of uranium. Thus, the values in Table S2 should 

be taken with some skepticism. Even their qualitative value is questionable in the case of uranium, 

where all of the sensors appear to be selective towards UO22+, which is in contradiction with further 

results of this study and relates to the nature of selectivity calculation formalism, where theoretical 

response values for all the studied ions are required. 

3.2. Sensor Response Towards Pu4+ in Presence of UO22+ 

Since the selectivity evaluated with SSM towards uranium was questionable (Table S2) but 

crucial for SNF related applications, a series of measurements of Pu solutions containing the constant 

background of U in PUREX relevant concentration levels was performed. Samples containing 10–50 

mg/L of Pu were measured in mixtures with 500 mg/L U in 1.5 M HNO3. Typical response curves for Pu4+ 

in these conditions are presented in Figure 3. A significant deterioration of the sensitivity towards Pu 

in the presence of uranyl ions was observed. While the sensitivities in individual plutonium (IV) 

solutions varied from 5 to almost 30 mV/dec, in the presence of uranyl ions, these values are in the 

range of 0–20 mV/dec (see Figure S2 in Supplementary Materials). This is understood to happen 

Figure 2. (A) Potentiometric sensitivity values to Pu4+ for the studied sensors. (B) Radioactivity of the
sensor membranes after the measurements in plutonium solutions.

3.2. Sensor Response towards Pu4+ in Presence of UO2
2+

Since the selectivity evaluated with SSM towards uranium was questionable (Table S2) but
crucial for SNF related applications, a series of measurements of Pu solutions containing the constant
background of U in PUREX relevant concentration levels was performed. Samples containing
10–50 mg/L of Pu were measured in mixtures with 500 mg/L U in 1.5 M HNO3. Typical response curves
for Pu4+ in these conditions are presented in Figure 3. A significant deterioration of the sensitivity
towards Pu in the presence of uranyl ions was observed. While the sensitivities in individual plutonium
(IV) solutions varied from 5 to almost 30 mV/dec, in the presence of uranyl ions, these values are in
the range of 0–20 mV/dec (see Figure S2 in Supplementary Materials). This is understood to happen
because the chemistry of neighboring actinides is very similar and organic ligands providing the
complexation of plutonium ions can also bind uranyl.
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Figure 3. Potentiometric response curves to Pu4+ obtained in the presence of 500 mg/L U in 1.5 M HNO3.

Nevertheless, in spite of the significant excess of UO2
2+ over Pu4+ and apparent SSM selectivity

values obtained before, we have still observed reasonably high sensitivity towards Pu4+ in some of
the sensors.

3.3. Multisensor Measurements in Simulated PUREX Solutions

In order to explore the performance of the potentiometric sensing approach in the quantification
of Pu in technologically relevant media, measurements were performed with the sensor array of
13 electrodes (except S2, S10, S12 and S17) in the set of simulated PUREX solutions mimicking the
composition of the first PUREX cycle raffinate (Table 1). It must be pointed out that in the presence
of varying uranium content, the traditional univariate way of potentiometric data processing using
the Nikolsky-Eisenman equation is hardly possible (see, e.g., Figure S3 (Supplementary Materials)
to assess the sensors’ response shapes), since variations in uranium content contribute significantly
to the potential readings of the sensors. Thus, in order to relate sensor response with plutonium
concentration, the data from the sensor array were modeled using a multivariate approach. The sensor
readings obtained in the mixtures were organized as M × N matrix, where M is the number of samples
and N is the number of sensors. This matrix was used as X in linear regression equation Y = BX,
where variable Y is the column vector of known analyte concentrations. Calculation of regression
coefficients vector B was performed according to the PLS algorithm. The results of the modeling
can be represented as “measured vs. predicted” plots. Figure 4 shows a plot of such a PLS model
validated with seven randomly chosen samples. It can be seen that reliable plutonium quantification is
possible. The number of samples was rather limited due to safety reasons. Thus, we applied a 20-fold
random split cross-validation, each time using 13 samples for calibration and seven for validation, to
get an estimate of the predictive performance of the sensor array. The average RMSEP for plutonium
content prediction was 3.9 mg/L in the concentration range 0–50 mg/L. It was also possible to construct
predictive PLS models for simultaneous determination of uranium content in these samples with an
average RMSEP of 73 mg/L (concentration range 10–1000 mg/L) using the same 20-fold random split
validation procedure.
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Figure 4. “Measured vs. predicted” plot for partial least squares regression (PLS) model based on
potentiometric sensor data obtained in simulated PUREX solutions. Validation with 7 randomly chosen
samples, 4 latent variables, R2 0.98/0.94, RMSE 2.0/4.4 mg/L (calibration/validation).

The same samples were also measured with a UV-Vis-NIR spectrometer. The observed spectral
shapes were similar to those reported in the literature [8]. The same 20-fold random split cross-validation
procedure returned an average RMSEP of 6.1 mg/L of plutonium (compared to 3.9 mg/L by multisensor
array). The models were built using the wavelength range 350–800 nm. Quantification of uranium (by
spectroscopic method?) was possible with the average RMSEP value of 47 mg/L.

4. Discussion

In spite of the unusually high acidity for PVC membrane sensors (pH ≈ 0), it was still possible to
determine Pu4+. This indicates that ligand protonation constants for most of the sensors are smaller
than Pu4+(L)n complex formation constants. Moreover, several membrane compositions provide
super-Nernstian slope values. Another important issue is that certain similarities between extraction
behavior of the ligands and their sensitivity towards plutonium were observed. For example, the
sensors S3, S8 and S14 show rather high potentiometric sensitivity to Pu4+. These sensors are based
on diphosphine dioxide (S3) and carbamoyl phosphine oxides (S8 and S14). These ligands are well
known as powerful extracting agents for tetravalent actinides [27–29]. The sensors based on diamides
of pyridine-2,6-dicarboxylic acid (S1, S5, S9, S11, S13) also demonstrate considerable sensitivity to
plutonium, which is in agreement with the liquid extraction behavior of these ligands [30]. On the
other hand, the sensors based on podands (S2 and S12) do not show a considerable response to Pu4+,
and this corresponds well to the observations obtained in liquid extraction where only N,N-dialkyl
amides extract Pu4+ effectively [31].

Selectivity of the sensors in the Pu4+/Th4+ pair is in the favor of Pu4+. In the presence of lanthanides,
the selectivity varies depending on the particular sensor membrane composition. For some of the
sensors, it slightly grows with the growth of atomic number from La to Yb (S7, S14, S15, S17). For some
of the compositions, an opposite trend can be observed (e.g., S1, S6). In certain cases, the lanthanide
selectivity values are distributed quite uniformly (e.g., S5, S8). The absence of sharp selectivity patterns
in lanthanide series is very natural due to their similar electronic structure and chemical properties,
despite the number of reports declaring the development of selective sensors towards individual
lanthanides (see, e.g., [32–36]).

In the presence of high concentrations of uranium, we observed high Pu4+ sensitivity in the
sensors. These results confirm the relevance of a multisensor approach instead of individual sensors
for PUREX related analytical tasks.
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Simulated PUREX raffinate solutions were key objects in this investigation. The potentiometric
sensor array tested in raffinate solutions has shown reasonable analytical performance for quantitative
determination of both plutonium and uranium. The RMSEP values for plutonium quantification are
30% lower than those achieved with optical spectroscopy in the same samples. The attained precision
is sufficient for the purposes of technological monitoring.

5. Conclusions

In spite of the fact that plutonium quantification in PUREX process streams is a very important
analytical task, there is a very limited number of papers devoted to the development of electrochemical
sensors for plutonium. Selective quantification of plutonium in PUREX media is quite challenging due
to the presence of other actinides and lanthanides that have rather similar chemical properties. In this
study, we have suggested a simple and cost-effective potentiometric multisensor system to perform
fast Pu4+ quantification in complex acidic samples simulating PUREX raffinate composition. It was
found that the quantitative determination of plutonium is possible with the precision sufficient for
technological monitoring needs, even with a large excess of uranium.

Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/20/6/1604/s1,
Table S1: List of sensors ligands; Table S2: lg K(Pu4+/Men+) selectivity values of the sensors for selected actinides
and lanthanides; Figure S1: Visual appearance of the developed sensor array; Figure S2: Sensitivity to Pu4+ in the
presence of 500 mg/L uranium; Figure S3: Sensor responses in the simulated PUREX solutions.

Author Contributions: Conceptualization, D.K., A.L. (Andrey Legin) and V.B.; methodology, D.K. and A.L.
(Alexander Lumpov); investigation, J.S., M.A.-M. and J.A.; writing—original draft preparation, I.Y. and J.A.;
writing—review and editing, D.K. and V.B. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Russian Science Foundation grant #18-19-00151.

Acknowledgments: J. Ashina acknowledges the Government of Russian Federation, Grant 08-08 for support of
her work with construction of the measuring set-up.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Paiva, A.P.; Malik, P. Recent advances on the chemistry of solvent extraction applied to the reprocessing of
spent nuclear fuels and radioactive wastes. J. Radioanal. Nucl. Chem. 2004, 261, 485–496. [CrossRef]

2. Kulkarni, M.J.; Thulasidas, S.K.; Goyal, N.; Page, A.G.; Sastry, M.D. Inter-element interference studies in the
determination of trace amounts of plutonium by inductively coupled plasma-atomic emission spectrometry.
Anal. Lett. 1990, 23, 2095–2106. [CrossRef]

3. Men, W.; Zheng, J.; Wang, H.; Ni, Y.; Aono, T.; Maxwell, S.L.; Tagami, K.; Uchida, S.; Yamada, M. Establishing
rapid analysis of Pu isotopes in seawater to study the impact of Fukushima nuclear accident in the Northwest
Pacific. Sci. Rep. 2018, 8, 1892. [CrossRef]

4. Bürck, J. Spectrophotometric determination of uranium and nitric acid by applying partial least-squares
regression to uranium(VI) absorption spectra. Anal. Chim. Acta 1991, 254, 159–165. [CrossRef]

5. Li, L.; Zhang, H.; Ye, G.-A. Simultaneous spectrophotometric determination of uranium, nitric acid and
nitrous acid by least-squares method in PUREX process. J. Radioanal. Nucl. Chem. 2013, 295, 325–330.
[CrossRef]

6. Suresh Kumar, K.; Magesvaran, P.; Sreejeya, D.; Kumar, T.; Shreekumar, B.; Dey, P.K. Simultaneous
determination of U and Pu in Pu-stream of PUREX process by visible spectrophotometry. J. Radioanal.
Nucl. Chem. 2010, 284, 457–460. [CrossRef]

7. Casella, A.; Lines, A.; Nelson, G.; Bello, J.; Bryan, S. MicroRaman Measurements for Nuclear Fuel Reprocessing
Applications. Procedia Chem. 2016, 21, 466–472. [CrossRef]

8. Bryan, S.A.; Levitskaia, T.G.; Johnsen, A.M.; Orton, C.R.; Peterson, J.M. Spectroscopic monitoring of spent
nuclear fuel reprocessing streams: An evaluation of spent fuel solutions via Raman, visible, and near-infrared
spectroscopy. Radiochim. Acta 2011, 99, 563–571. [CrossRef]

http://www.mdpi.com/1424-8220/20/6/1604/s1
http://dx.doi.org/10.1023/B:JRNC.0000034890.23325.b5
http://dx.doi.org/10.1080/00032719008052552
http://dx.doi.org/10.1038/s41598-018-20151-4
http://dx.doi.org/10.1016/0003-2670(91)90022-W
http://dx.doi.org/10.1007/s10967-012-1833-8
http://dx.doi.org/10.1007/s10967-010-0498-4
http://dx.doi.org/10.1016/j.proche.2016.10.065
http://dx.doi.org/10.1524/ract.2011.1865


Sensors 2020, 20, 1604 10 of 11

9. Bai, X.; Li, D.-M.; Chang, Z.-Y.; Fan, D.-J.; Liu, J.-P.; Wang, H. On-line monitoring of the U(VI) concentration
in 30 vol.% TBP/kerosene: An evaluation of real-time analysis in polyetheretherketone (PEEK) containers via
Raman spectroscopy. J. Radioanal. Nucl. Chem. 2015, 305, 643–652. [CrossRef]

10. Kirsanov, D.; Babain, V.; Agafonova-Moroz, M.; Lumpov, A.; Legin, A. Approach to on-line monitoring
of PUREX process using chemometric processing of the optical spectral data. Radiochim. Acta 2013, 101,
149–154. [CrossRef]

11. Casella, A.J.; Levitskaia, T.G.; Peterson, J.M.; Bryan, S.A. Water O–H Stretching Raman Signature for Strong
Acid Monitoring via Multivariate Analysis. Anal. Chem. 2013, 85, 4120–4128. [CrossRef]

12. Nee, K.; Bryan, S.A.; Levitskaia, T.G.; Kuo, J.W.J.; Nilsson, M. Combinations of NIR, Raman spectroscopy and
physicochemical measurements for improved monitoring of solvent extraction processes using hierarchical
multivariate analysis models. Anal. Chim. Acta 2018, 1006, 10–21. [CrossRef] [PubMed]

13. Nash, K.L.; Braley, J.C. Advanced Separation Techniques for Nuclear Fuel Reprocessing and Radioactive Waste
Treatment; Woodhead Publishing: Sawston, UK, 2011.

14. Harvey, B.G.; Heal, H.G.; Maddock, A.G.; Rowley, E.L. The chemistry of plutonium. J. Chem. Soc. (Resumed)
1947, 188, 1010–1021. [CrossRef] [PubMed]

15. Plock, C.E. Anodic voltammetric determination of plutonium: Diffusion coefficients of Putonium(III) in
mineral acids. Anal. Chim. Acta 1970, 491, 83–87. [CrossRef]

16. Murray, R.W.; Ewing, A.G.; Durst, R.A. Chemically modified electrodes. Molecular design for electroanalysis.
Anal. Chem. 1987, 59, 379A–390A.

17. Gupta, R.; Jayachandran, K.; Aggarwal, S.K. Single-walled carbon nanotube (SWCNT) modified gold (Au)
electrode for simultaneous determination of plutonium and uranium. RSC Adv. 2013, 3, 13491–13496.
[CrossRef]

18. Gupta, R.; Gamare, J.S.; Pandey, A.K.; Tyagi, D.; Kamat, J.V. Highly Sensitive Detection of Arsenite Based on
Its Affinity toward Ruthenium Nanoparticles Decorated on Glassy Carbon Electrode. Anal. Chem. 2016, 88,
2459–2465. [CrossRef]

19. Kitatsuji, Y.; Aoyagi, H.; Yoshida, Z.; Kihara, S. Plutonium(III)-ion selective electrode of liquid membrane
type using multidentate phosphine oxide ionophore. Anal. Chim. Acta 1999, 387, 181–187. [CrossRef]

20. Kirsanov, D.; Khaydukova, M.; Tkachenko, L.; Legin, A.; Babain, V. Potentiometric Sensor Array for Analysis
of Complex Rare Earth Mixtures. Electroanal 2012, 24, 121–130. [CrossRef]

21. Kirsanov, D.; Cetó, X.; Khaydukova, M.; Blinova, Y.; del Valle, M.; Babain, V.; Legin, A. A combination of
dynamic measurement protocol and advanced data treatment to resolve the mixtures of chemically similar
analytes with potentiometric multisensor system. Talanta 2014, 119, 226–231. [CrossRef]

22. Vinogradov, A.P. Analytical Chemistry of Uranium; The Russian Academy of Sciences: Moscow, Russia, 1962.
23. Kirsanov, D.; Panchuk, V.; Agafonova-Moroz, M.; Khaydukova, M.; Lumpov, A.; Semenov, V.; Legin, A.

A sample-effective calibration design for multiple components. Analyst 2014, 139, 4303–4309. [CrossRef]
[PubMed]

24. Bogomolov, A. Diagonal designs for a multi-component calibration experiment. Anal. Chim. Acta 2017, 951,
46–57. [CrossRef] [PubMed]

25. Oleneva, E.; Savosina, J.; Agafonova-Moroz, M.; Lumpov, A.; Babain, V.; Jahatspanian, I.; Legin, A.;
Kirsanov, D. Potentiometric multisensor system for tetra- and hexavalent actinide quantification in complex
rare earth metal mixtures related to spent nuclear fuel reprocessing. Sens. Actuators B Chem. 2019, 288,
155–162. [CrossRef]

26. Wold, S.; Sjöström, M.; Eriksson, L. PLS-regression: A basic tool of chemometrics. Chemom. Intell. Lab. Syst.
2001, 58, 109–130. [CrossRef]

27. Turanov, A.N.; Karandashev, V.K.; Fedoseev, A.M.; Rodygina, N.I.; Baulin, V.E. Effect of the Structure of
o-Methyleneoxyphenyldiphosphine Dioxides on Their Extractive Power and Selectivity in Nitric Acid
Solutions. Radiochemistry 2005, 47, 177–180. [CrossRef]

28. Rozen, A.M.; Nikolotova, Z.I.; Kartasheva, N.A. Complexation of plutonium with alkylene diphosphine
dioxides. Radiokhimiya 1975, 17, 772–777.

29. Turanov, A.N.; Karandashev, V.K.; Yarkevich, A.N.; Safronova, Z.V.; Kharitonov, A.V.; Radygina, N.I.;
Fedoseev, A.M. Extraction of U(VI), Th(IV), Pu(IV), Am(III), and rare-earth elements from nitric acid
solutions with diphenyl(dialkylcarbamoylmethyl)phosphine oxides substituted in the methylene bridge.
Radiochemistry 2004, 46, 461–467. [CrossRef]

http://dx.doi.org/10.1007/s10967-015-4038-0
http://dx.doi.org/10.1524/ract.2013.2009
http://dx.doi.org/10.1021/ac4001628
http://dx.doi.org/10.1016/j.aca.2017.12.019
http://www.ncbi.nlm.nih.gov/pubmed/30016260
http://dx.doi.org/10.1039/jr9470001010
http://www.ncbi.nlm.nih.gov/pubmed/20264583
http://dx.doi.org/10.1016/S0003-2670(01)80010-6
http://dx.doi.org/10.1039/c3ra41945b
http://dx.doi.org/10.1021/acs.analchem.5b04625
http://dx.doi.org/10.1016/S0003-2670(99)00121-X
http://dx.doi.org/10.1002/elan.201100439
http://dx.doi.org/10.1016/j.talanta.2013.11.003
http://dx.doi.org/10.1039/C4AN00227J
http://www.ncbi.nlm.nih.gov/pubmed/24977262
http://dx.doi.org/10.1016/j.aca.2016.11.038
http://www.ncbi.nlm.nih.gov/pubmed/27998485
http://dx.doi.org/10.1016/j.snb.2019.02.113
http://dx.doi.org/10.1016/S0169-7439(01)00155-1
http://dx.doi.org/10.1007/s11137-005-0068-8
http://dx.doi.org/10.1007/s11137-005-0010-0


Sensors 2020, 20, 1604 11 of 11

30. Alyapyshev, M.; Babain, V.; Tkachenko, L.; Kenf, E.; Voronaev, I.; Dar’in, D.; Matveev, P.; Petrov, V.;
Kalmykov, S.; Ustynyuk, Y. Extraction of actinides with heterocyclic dicarboxamides. J. Radioanal. Nucl. Chem.
2018, 316, 419–428. [CrossRef]

31. Manchanda, V.K.; Pathak, P.N. Amides and diamides as promising extractants in the back end of the nuclear
fuel cycle: An overview. Sep. Purif. Technol. 2004, 35, 85–103. [CrossRef]

32. Mittal, S.K.; Kumar, S.K.A.; Sharma, H.K. PVC-based dicyclohexano-18-crown-6 sensor for La(III) ions.
Talanta 2004, 62, 801–805. [CrossRef]

33. Shamsipur, M.; Yousefi, M.; Ganjali, M.R. PVC-Based 1,3,5-Trithiane Sensor for Cerium(III) Ions. Anal. Chem.
2000, 72, 2391–2394. [CrossRef] [PubMed]

34. Zamani, H.A.; Arvinfar, A.; Rahimi, F.; Imani, A.; Ganjali, M.R.; Meghdadi, S. Praseodymium
analysis in aqueous solution by Pr3+–PVC membrane sensor based on N,N′-bis(4-hydroxysalicylidene)-
1-3-phenylenediamine. Mater. Sci. Eng. C 2011, 31, 307–312. [CrossRef]

35. Ganjali, M.R.; Memari, Z.; Faridbod, F.; Dinarvand, R.; Norouzi, P. Sm3+ Potentiometric Membrane Sensor as
a Probe for Determination of Some Pharmaceutics. Electroanalysis 2008, 20, 2663–2670. [CrossRef]

36. Gupta, V.K.; Singh, A.K.; Kumawat, L.K. A novel gadolinium ion-selective membrane electrode based on
2-(4-phenyl-1, 3-thiazol-2-yliminomethyl) phenol. Electrochim. Acta 2013, 95, 132–138. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10967-018-5775-7
http://dx.doi.org/10.1016/j.seppur.2003.09.005
http://dx.doi.org/10.1016/j.talanta.2003.10.001
http://dx.doi.org/10.1021/ac991155w
http://www.ncbi.nlm.nih.gov/pubmed/10857610
http://dx.doi.org/10.1016/j.msec.2010.09.016
http://dx.doi.org/10.1002/elan.200804374
http://dx.doi.org/10.1016/j.electacta.2013.02.053
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Samples 
	Sensor Preparation and Potentiometric Measurements 
	UV-Vis-NIR Spectroscopic Measurements 
	Multivariate Data Processing 

	Results 
	Sensitivity and Selectivity of the Individual Sensors 
	Sensor Response towards Pu4+ in Presence of UO22+ 
	Multisensor Measurements in Simulated PUREX Solutions 

	Discussion 
	Conclusions 
	References

