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Abstract: The solution chemistry of Pu in nitric acid is
explored via electrochemistry and spectroelectrochemis-
try. By utilizing and comparing these techniques, an
improved understanding of Pu behavior and its depend-
ence on nitric acid concentration can be achieved. Here
the Pu (III/IV) couple is characterized using cyclic
voltammetry, square wave voltammetry, and a spectroe-

lectrochemical Nernst step. Results indicate the formal
reduction potential of the couple shifts negative with
increasing acid concentration and reversible electrochem-
istry is no longer attainable above 6 M HNO3. Spectroe-
lectrochemistry is also used to explore the irreversible
oxidation of Pu(IV) to Pu(VI) and shine light on the
mechanism and acid dependence of the redox reaction.

Keywords: Plutonium · electrochemistry · spectroelectrochemistry · spectroscopy · nitric acid

1 Introduction

Nuclear energy is a widely discussed option to meet
energy needs as the world seeks to move away from fossil
fuels. However, the nuclear fuel cycle is still in need of
optimization, particularly in the area of dealing with used
nuclear fuel. Waste concerns can be alleviated by closing
the fuel cycle and recycling used nuclear fuel [1]. The
follow-on safeguards and safety concerns can then be
alleviated by introducing on-line real-time monitoring
throughout the processing scheme for recycling [2–5].

Analytical approaches for monitoring used nuclear
fuel during reprocessing are currently a growing area of
development, but will benefit from enhanced knowledge
of solution chemistry/analytical options of the species of
interest.

Plutonium is a particularly notable species of interest.
Throughout many processing schemes, Pu is maintained in
solutions of nitric acid where it displays complex solution
chemistry, and therefore requires careful analysis for
accurate identification and quantification of the Pu
species. The redox behavior and corresponding spectra of
Pu species are of interest. Electrochemistry of Pu has
been previously explored [6–8] as have the spectra of
various oxidation states of Pu [9–12].

However, by utilizing electrochemistry and spectro-
scopy to simultaneously characterize Pu in nitric acid
solution, a more complete picture of Pu behavior can be
realized. This combined approach to characterizing spe-
cies, or spectroelectrochemistry, has been described for
applications to other complex systems as well as sensor
development [13–15]. When applied to Pu, it can be used
to more accurately probe the sensitivity of the Pu (III/IV)
couple to acid strength. It can also be used to explore
irreversible couples related to disproportionation and
confirm electrochemical mechanisms.

Here we characterize electrochemical behavior of Pu
in a range of nitric acid concentrations via traditional
methods such as cyclic voltammetry and square wave
voltammetry, and compare that to results obtained from
spectroelectrochemical analysis. The UV-vis absorption
spectroscopic response of Pu in the 3+ , 4+ , and 6+
oxidation states is also discussed along with how the
spectral response is influenced by the solution chemistry
of these species.

2 Experimental

2.1 Materials

Reagent grade concentrated nitric acid was obtained from
Sigma Aldrich and was used as received. Nitric acid
solutions were made by diluting in 18 MW pure water and
concentrations were verified by potentiometric titration
with standardized NaOH.

The plutonium stock solution was generated from solid
Pu oxide (from on-hand stocks) and reconstituted in 4 M
nitric acid to prevent hydrolysis and generally maintain
Pu in the 4+ oxidation state. This stock was utilized to
generate the middle plot of Figure 3 and was oxidized to
generate the Pu(VI) spectra in the bottom of Figure 3. In
both cases the stocks were adjusted to the noted HNO3

concentration. To generate the Pu(III) spectra in Figure 3,
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the Pu stock had to be reduced and applied potential had
to be actively held while collecting spectra. This was
accomplished using the spectroelectrochemistry setup
described below.

In this study, Pu was only studied at 1 MHNO3 and
above to prevent hydrolysis of Pu(IV), which does not
occur above 0.3 M HNO3 to any appreciable extent [16].

Hydrazine (in the range of 5–10 mM total concentra-
tion) was added to the spectroelectrochemistry solutions
as a holding reagent to stabilize the Pu(III). Hydrazine
was not added to solutions when running either cyclic
voltammetry or square wave voltammetry.

2.2 Safety Considerations

All isotopes of Pu are radioactive and require specialized
facilities for safe handing.

2.3 Equipment

Spectra were collected using an UV-vis spectrometer from
Spectra Solutions Inc. and associated Spectra Soft soft-
ware. The spectrometer utilized a CCD camera for
spectral acquisition and captured a range from roughly
460–840 nm. Reference spectra were collected on pure
water and integration times were 0.2 seconds.

A BASi Epsilon potentiostat was used in conjunction
with Pt working electrodes, Pt auxiliary electrodes, and
3 M NaCl saturated Ag/AgCl reference electrodes. Refer-
ence electrodes were purchased from BASi. For cyclic
voltammetry and square wave voltammetry, Pt disk work-
ing electrodes and Pt wire auxiliary electrodes were used.
The Pt disk electrode was cleaned and polished prior to
use, utilizing a BASi polishing kit with Texmet pads and
alumina polish. For spectroelectrochemical measurements
Pt mesh working electrodes were used. Mesh electrodes
were fabricated from Pt mesh (from Sigma-Aldrich).
Rectangular mesh electrodes were cut from larger sheets
of mesh and were attached to Pt wire, via weaving the
wire through the mesh. Figure 1 provides an example of a
mesh electrode.

Specialized spectroelectrochemical (SEC) cells were
utilized. These included BASi thin SEC cells with a 1 mm
path length by 10 mm width quartz cell with a working
electrode compartment volume of 0.09 mL and a total cell
volume, including auxiliary compartment volume of 1 mL.
This cell was used for spectroscopic and SEC character-
ization and utilized a Pt mesh working electrode along
with a Pt wire auxiliary electrode and a 3 M NaCl
saturated Ag/AgCl reference electrode. Figure 1 presents
the configuration of the SEC cell.

3 Results and Discussion

3.1 Pu (III/IV) Couple

For this work, the goal was to mimic the range of
conditions expected under a variety of processing
schemes; Pu electrochemical behavior was therefore
characterized at high (0.17 M) and low (0.025 M) Pu
concentrations across a range of HNO3 concentrations
from 1 to 6 M. The top plot of Figure 2 displays CVs of
the Pu (III/IV) couple collected across the full range of
nitric acid concentrations studied. CV data was collected
by scanning from 1600 mV to 300 mV (400 and 200 mV in
the cases of 1 and 2 M HNO3 respectively) and back to
1600 mV for a total of 4 cycles. Due to limited Pu supply,
and the exploratory nature of the CV’s shown here, the
switching potentials for 1 and 2 M data were slightly
different than those for the 3–6 M HNO3 data. Scan rate
was varied but the data presented in Figure 2 was
collected at 100 mV/s.

The observed formal reduction potentials (E8’) for the
Pu (III/IV) couple fall at 0.703 V at 1 MHNO3 which is
shifted negative by approximately 20 mV compared to
reported potentials [7, 8,10, 17,18]. The E8’ was calculated
according to Eq. 1 below, where Ei indicates measured
voltage at a given peak. This shift is most likely due to
choice of working electrode; where many studies utilized
glassy carbon and similar electrodes. For this work, Pt disk
electrodes were utilized to facilitate the transition to Pt
mesh electrodes for the spectroelectrochemical studies.
Some authors have indicated Pt may not be ideal for Pu
work due to Pt surface phenomena that can add some
uncertainty to measurements [18]. Furthermore, differ-
ences in reference electrodes (RE) can influence these
values; though applying correction factors to adjust for
RE differences does not fully account for different E8’
values. It should be noted that the peak splitting (~Ep) is
much larger than 59 mV, which is not unexpected for this
quasi-reversible couple. This likely stems from differences
in speciation and diffusion coefficients of the 3+ and 4+
oxidation states, as will be discussed below.

E�
0 ¼ ðEanodic þ EcathodicÞ=2 ð1Þ

The oxidation wave of the couple shifts more negative
with increasing HNO3 concentration which shifts the E8’

Fig. 1. Schematic (left and middle) and picture (right) of the
spectroelectrochemical cell used for Pu characterization.

Full Paper

www.electroanalysis.wiley-vch.de � 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Electroanalysis 2017, 29, 2744 – 2751 2745

www.electroanalysis.wiley-vch.de


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

more negative and decreases the ~Ep. Table 1 lists
observed E8’ and ~Ep values at all acid strengths. This
negative shift has been observed in both perchloric acid
systems [11] and nitric acid systems [8], though others
have observed positive shifts in hydrochloric acid systems
[19].

The negative shift of the E8’ and the decrease of the
~Ep have interesting implications for Pu solution
chemistry. A negative shift in E8’ has been correlated to
stabilization of the oxidized species in other metal:ligand

systems, generally indicating the energy state of one
oxidation state is lower in a given M:L configuration [20].
The situation in this case is more complex due to the
significant differences in preferred Pu:NO3 speciation
between the 4+ and 3+ oxidation states. In the case of
Pu(IV) the mono and dinitrato complexes are the
dominant species below 4 MHNO3 and the tetra and
hexanitrato species are dominate above 6 M HNO3 [6, 7,9,
21]. The speciation of Pu(III) is more contested but is
generally agreed to be more limited than that of Pu (IV)
[19,22–24]. Pu(III) most likely exhibits speciation similar
to that of americium (III) and can therefore could be said
to form the mononitrato complex almost exclusively
across the nitric acid rage studied [23,25].

It should be noted that attempts were made to
characterize the Pu behavior above 6 M HNO3 but CV
experiments above 5 MHNO3 were scan rate limited.
Limited data was collected at 7 M but was not deemed
reliable enough to report here. This is unsurprising given
the reported behavior of Pu(III); It is difficult to prevent
the oxidation of Pu(III) in solutions above 5 M HNO3

[21,22, 24, 26]. Before complete breakdown of the rever-
sible III/IV electrochemistry at 6–7 M HNO3, the ~Ep of
the (III/IV) couple decreases with increasing acid. This
could indicate a trend toward a ~Ep closer to 59 mV and
a more reversible system. This may be the case here, but
primarily should be emphasized as a trend towards
increased ease of oxidation to Pu(IV) as HNO3 concen-
tration increases.

Observed E8’ (vs NaCl saturated Ag/AgCl) and ~Ep

values are reported in Table 1. All values were measured
from CV’s collected at 100 mV/s. The Pu(III/IV) couple
demonstrated scan rate dependent behavior where E8’
shifted negative and ~Ep increased with increasing scan
rate. Randles-Sevcik analysis of the CVs collected at
various scan rates indicate a linear relationship between
peak current and (scan rate)1/2, supporting the conclusion
that the reaction is diffusion controlled [27,28]. Scan rate
study CV’s are presented in the supplemental information
along with the associated Randles-Sevcik analysis and
tables indicating the E8’ and ~Ep observed at each scan
rate and acid concentration for both the low and high Pu
concentrations. Values for E8’ were also calculated from
square wave voltammetry (SWV) and are included in
Table 1 for comparison. Note, SWV values for E8’ are
roughly the same as values from CVs given standard

Fig. 2. CV�s of the Pu(III/IV) couple at multiple acid strengths
(top); CV�s of the full electrochemical range interrogated
(middle), CV�s of the background acid couple at 1.2 V with an
irreversible Pu oxidation wave at 1.4 V (bottom) ; data collected
at 100 mV/s and 0.025 M Pu.

Table 1. Characterization of the Pu (III/IV) couple at multiple
acid concentrations utilizing three different approaches.

HNO3, M CV SWV Nernst
E8’ ~Ep E8’ E8’

1 0.704�0.005 0.147 0.697�0.008 0.579
2 0.686�0.003 0.142 0.681�0.006 0.562
3 0.675�0.002 0.132 0.673�0.006 0.501
4 0.667�0.002 0.123 0.672�0.001 0.505
5 0.666�0.005 0.115 0.668�0.007 n/a
6 0.658�0.001 0.102 0.649�0.002 n/a
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deviations in measurements. Additionally, SWV results
show the same trend with E8’ shifting negative with
increasing acid strength. Plots of SWV results are included
in the Supplemental Information.

The data reported here agree with published literature
and indicate a one electron, quasi-reversible reaction of:

Pu4þ þ e� ! Pu3þ ð2Þ

Note, for both the CV and SWV data, it is possible for
the pH of the diffusion layer around the electrode to be
different from that of the bulk solution. In this case we
would expect the trend of the data to stay consistent based
on the bulk, and the data presented here should still be
representative of Pu behavior observed at the set bulk
HNO3 concentrations.

Data presented in Table 1 corresponds to Pu across a
range of concentrations. Reported CV and SWV values
are the averaged results of data collected at both high and
low Pu concentrations. Differences in actual HNO3

concentrations between the experiments will contribute to
the standard deviation. Nernst step data was collected at
higher Pu concentration (nominally 0.15 M but varied
with acid concentration).

Other couples are observed when the potential range
scanned is increased beyond the Pu(III/IV) couple. This is
indicated in the middle plot of Figure 2, which shows a
large couple with an E8’ around 1.2 V. This couple is
present in CVs of the background solution (HNO3 with no
Pu present) and is therefore a background reaction. It also
appears to have little effect on Pu electrochemistry, as
indicated by spectroscopy in the next section. Discussion
of this couple will be reserved for future papers.

Of greater interest is the irreversible wave observed at
approximately 1.4 V in the 1 and 2 MHNO3 solutions for
both the low and high Pu concentrations. This is high-
lighted in the bottom plot of Figure 2. This couple is only
present when Pu is in solution and is only observed at 1
and 2 M HNO3 where the couple is harder to observe at
2 M than at 1 M. Given this behavior it is initially difficult
to identify the source of this irreversible reaction. This
will be discussed further in the section “Pu IV/VI couple”.

3.2 Spectroelectrochemistry

Coupling spectroscopic analysis with electrochemical
analysis allows for an alternative approach to characteriz-
ing and identifying the electrochemical reactions of the
Pu-HNO3 system. Figure 3 presents UV-vis absorption
spectra of Pu III, IV, and VI in various concentrations of
HNO3. Spectra of Pu(III) have been normalized to
account for differences in Pu(III) concentration and
spaced vertically over the arbitrary absorbance axis to
facilitate easier viewing of minor band changes with acid
strength. Solutions of Pu(III) were generated by reducing
Pu(IV) within the spectroelectrochemical cell described in
the Experimental section. Some Pu(IV) signature can be
seen in the Pu(III) spectra, indicating complete conver-

sion was not achieved. The spectroscopic signature of
Pu(III) does not vary significantly in the acid range
studied, unlike the Pu(IV) spectral signature which
changes noticeably. This is consistent with what has been
described in literature and can be related back to the
speciation of Pu(III) and (IV) in nitric acid systems
[7, 8,11,12, 19]. The Pu(VI) spectral signature varies
slightly across the HNO3 range studied where the sharp
band at roughly 834 nm shows variation in molar
absorptivity. Under the conditions studied here Pu(VI)
will exist as PuO2

2+. This is verified by spectral signature
observed and will be of importance in discussions
regarding kinetics later in the paper.

The spectroelectrochemical cell described in the ex-
perimental section can also be used to follow the electro-
chemical reactions in real time. Applied potentials can be
stepped between fully reducing and fully oxidizing
potentials while the system is monitored spectroscopically.
At each potential step, the potential is held long enough
to reach equilibrium concentrations. An example of this is

Fig. 3. Spectra of Pu as a function of HNO3 (legend in middle
plot), where Pu is in the 3+ (top, normalized), 4+ (middle,
12 mM), and 6+ (bottom, 2 mM) oxidation states. The top plot
was normalized with an arbitrary spacing added to allow for
easier viewing. Pu(III) spectra were generated from spectroelec-
trochemical setup while holding a potential of 200 mV.
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presented in Figure 4 which shows both the change across
the full spectral range as well as the change in band
intensity for Pu(III) and (IV) as the applied potential is
stepped from reducing, to oxidizing and back to reducing.
Note, the system performance is best when the Pu is fully
reduced to Pu(III) with a large over potential and then
stepped up to Pu(IV). The system experiences some
hysteresis when the Pu(IV) is gradually stepped down to
Pu(III).

The spectroscopic response indicates the reaction is
fully reversibly because Pu(IV) spectra can be consistently
returned to the same absorption maxima following
electrochemical modulations. However, system response
indicates a high overpotential is required to fully reduce
to Pu(III) within a reasonable time frame (<15 minutes).
Additionally, the acid-dependent shift of the oxidation
wave observed in the CV’s becomes more apparent here,
where oxidation to Pu(IV) occurs more readily at lower
potentials as HNO3 is increased.

This is most easily observed by applying a Nernst step
analysis [29]. In this case the ratio of oxidized to reduced
species can be represented as:

O½ �
R½ � ¼

A2 �A1

A3 �A2
ð3Þ

Where A1 is the absorbance response when the Pu has
been fully reduced, A3 is the response when the Pu has
been fully oxidized, and A2 is the absorbance for the
mixture of oxidized and reduced species. When Eq. 2 is
plugged into the Nernst equation, the following relation-
ship is observed:

Eapplied ¼ E�
0 þ 0:059

n
log

A2 �A1

A3 �A2

� �
ð4Þ

Where n is the number of electrons transferred. By
plotting the applied potential vs the log of Eq 2, a plot can
be obtained where the intercept is the formal reduction
potential and the slope can be related to the number of
electrons transferred. The results from this analysis can be
seen in Figure 5 where a clear shift in the E8’ can be
observed and follows a trend similar to what was observed
from CV data. Figure 5 includes Nernst plots from
analyzing the Pu(IV) band at 476 nm (top) and the plots
from analyzing the Pu(III) band at 604 nm (bottom).
Analysis of the 2 bands gave similar results. Calculated E8’
values are reported in Table 1. Data from the 5 and
6 M HNO3 studies was limited, making statistical analysis
difficult, and so these data are not included.

Formal reduction values calculated from Nernst plots
are shifted negative as compared to values calculated via
CV and SWV. These values are likely affected by a
number of factors including the known difference in
diffusion coefficients between the Pu(III) and Pu(IV)

Fig. 4. 3D plot of UV-vis response as a function of time while
applied potentials are stepped from reducing to oxidizing, back to
reducing (top) the absorbance intensities of bands associated with
Pu (III) and (IV) over the course of the experiment (middle) and
the corresponding applied potentials as a function of time
(bottom).

Fig. 5. Nernst plot for the Pu (III/IV) couple at 1–4 M HNO3.
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species [27]. This difference in diffusion coefficients arises
from the very different speciation of the two oxidations
states (mononitrato in the Pu(III) case and predominantly
di, tetra, and hexanitrato in the Pu(IV) case). Correction
factors can be applied to address the diffusion coefficient
issue, but cannot fully account for the large E8’ differ-
ences, see Supplemental Information.

Calculated values of n are lower than 1 which aligns
well with the large peak splitting observed in CV data.
Table 1 has been expanded upon in the Supplemental
information and includes calculated n values. In general
this continues to indicate the Pu (III/IV) couple is not
fully reversible.

Additionally, because the Nernst step is an equilibrium
approach and CVs are a dynamic approach, the Nernst
step can be more sensitive to complexity of interactions in
solution. In this case the results may be skewed by the
presence of an ensemble of reactions taking place to
account for the speciation differences between the 3+ and
4+ oxidation states as well as any oxidation of the surface
of the Pt electrode [18]. Finally, the presence of hydrazine
could be affecting the Nernst results. Hydrazine was
included (in very dilute concentrations) during spectroe-
lectrochemical studies to act as a holding reagent for
Pu(III). CV studies were completed before spectroelec-
trochemical studies and resource limitations made revisit-
ing CVs with hydrazine present impossible. Future
electrochemical studies to explore effect of hydrazine
would be beneficial to better understand possible system
effects.

Despite the differences in E8’ values, the Nernst/
spectroelectrochemical as well as CV/SWV characteriza-
tion confirm several important factors regarding Pu
solution chemistry. First there is a clear trend indicating
the Pu (III/IV) couple shifts negative with increasing
HNO3 concentration. Second the Pu (III/IV) couple is
quasi-reversible in the range of 1–5 M HNO3. And thirdly,
above 6 M the III/IV couple breaks down completely.

Again data from 5 M HNO3 was limited and was not
included due to inability to preform statistical analysis.
Data collected at 4 MHNO3 exhibits some of the hyste-
resis and kinetics issues described above. As a result, the
fit of the 4 MHNO3 data is not ideal and calculated results
should be utilized more for trend analysis.

Further exploration of the Pu system is needed to fully
understand why pure electrochemical approaches and
spectroelectrochemical approaches did not supply similar
results under these conditions. This may involve expand-
ing the solution conditions studied and will be the topic of
future work.

3.3 Pu (IV/VI) Couple

Figure 6 presents another spectroelectrochemical experi-
ment where bands for the Pu (III), (IV), and (VI) species
are followed (top) as a function of applied potential
(bottom). Steady ingrowth of the Pu(VI) species is
observed when 1.5 V are applied to the system. While

band signal is low, careful comparison to pure Pu(VI)
spectra (see Supplemental Information Figure S8 and
accompanying text) and analysis of reproducible behavior
verified the band is indicative of the presence of Pu(VI).
This band displays several interesting characteristics:
1) It does not reach equilibrium within the allotted 10

minutes of applying 1500 mV (indicated by the band
leveling out at some absorbance value), unlike the
Pu(III) and (IV) species which reach equilibrium in
under 5 minutes of applying a potential

2) It grows in when the applied potential is 1.5 V which
indicates it is likely related to the irreversible band
observed at 1.4 V (Figure 1, bottom)

3) The ingrowth of the Pu(VI) species is only significant
in 1 and 2 M HNO3 solutions; which again indicates a
relationship to the irreversible band at 1.4 V which
was only observed at 1 and 2 M HNO3

4) The Pu(VI) band stops growing and remains steady if
applied potential is dropped to 1.3 or 1.1 V; the Pu(VI)
species does not disappear until a reducing potential
capable of generating the Pu(III) species is applied,
indicating the Pu(III) is reducing the Pu(VI)
Identifying the electrochemical mechanism that leads

to the generation of Pu(VI) at potentials above 1.4 V is
difficult given the variety of reactions available to Pu

Fig. 6. Absorbance intensity of the Pu(III) band at 604 nm,
Pu(IV) band at 477 nm, and the Pu(VI) band at 834 nm (top) as a
function of time while applied potential is stepped (bottom) from
reducing to oxidizing. Data were collected at 2 M HNO3 using the
SEC cell described in the experimental section.
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[17,19, 30]. However, the irreversible nature of the couple
(evidenced by CV and spectroscopic data) combined with
the acid dependence of the reaction (occurring only at 1
and 2 M HNO3) provides hints. Plutonium(IV) is most
likely being oxidized to Pu(V) which then quickly
disproportionates into Pu(VI) and Pu(III). This is similar
to what is observed in the disproportionation of Pu(IV)
which follows the net reaction [19]:

3Pu IVð Þ þ 2H2OÐ 2Pu IIIð Þ þ Pu VIð Þ þ 4Hþ ð5Þ

Which has been shown to consist of 2 separate
reactions [31]:

2 Pu IVð Þ Ð Pu IIIð Þ þ Pu Vð Þ slowð Þ ð6Þ

Pu Vð Þ þ Pu IVð Þ Ð Pu IIIð Þ þ Pu VIð Þ fastð Þ ð7Þ

Equations 4 and 5 are consistent with the steady
ingrowth observed when applying 1.5 V as well as the
requirement that potentials capable of generating Pu(III)
are required to reduce Pu(IV).

The spectroscopic data cannot be used to verify the co-
generation of Pu(III) with Pu(VI). The molar absorptivity
of Pu(VI) is in the range of 450 cm�1 M�1 while Pu(III)
falls in the range of 40 cm�1 M�1. Only small amounts of
Pu(VI) were generated and assuming a two to one ratio of
Pu(III) and Pu(VI), Pu(III) would not be at a sufficient
concentration to be detectable. This does suggest the
reaction is very slow as spectroscopically observable
concentrations of Pu(III) can be generated from Pu(IV)
within the same applied potential time frame. It should
again be emphasized that Pu(VI) will exist as PuO2

2+ and
will be generated from the transient Pu(V) species,
PuO2

+, according to the mechanism above. The slow
kinetics here are therefore unsurprising given the coordi-
nation environment changes required when going from
Pu(IV) as Pu4+ to Pu(V) as PuO2

+. Additionally, Pu(V)
was not observed throughout the course of these experi-
ments. The Pu(V) is not likely to persist long enough in
solution (due to the fast disproportionation, Eq. 5) to
attain spectroscopically viewable concentrations.

4 Conclusion

The electrochemical and spectroscopic behavior of Pu has
been characterized in nitric acid ranging from 1 to 6 M.
The pure electrochemical techniques of cyclic voltamme-
try (CV) and square wave voltammetry (SWV) were
utilized and compared with spectroelectrochemical ap-
proaches such as a Nernst step. All three techniques
indicated the couple was quasi reversible (in the range of
1–6 M HNO3) with a formal reduction potential that
shifted negative with increasing nitric acid concentration.
The calculated values of E8’ were similar for CV and SWV
experiments but values from the Nernst step were shifted
negative. This shift is likely caused by the need to apply
an overpotential to fully reduce Pu(IV) to Pu(III) along

with the general tendency of Pu(III) to oxidize in nitric
acid solutions.

Spectroelectrochemistry was also used to explore the
generation of Pu(VI) in solution. This generation only
occurred to a notable extent in 1 and 2 M HNO3 solutions
and was unaffected by Pu concentration. The generation
of Pu(VI) followed an irreversible electrochemical mech-
anism though Pu(VI) can be reduced back to Pu(IV) by
Pu(III).

Acknowledgements

Research was supported by U.S. Department of Energy,
Office of Nuclear Energy, through the Nuclear Technolo-
gies R&D Program as well as the Department of Home-
land Security and was performed at the Pacific Northwest
National Laboratory (PNNL).

References
[1] K. L. Nash, M. Nilsson, in Reprocessing and Recycling of

Spent Nuclear Fuel, Woodhead Publishing, Oxford, 2015, pp.
3–25.

[2] S. A. Bryan, T. G. Levitskaia, A. J. Casella, J. M. Peterson,
A. M. Johnsen, A. M. Lines, E. M. Thomas, in Advanced
Separation Techniques for Nuclear Fuel Reprocessing and
Radioactive Waste Treatment, eds. K. L. Nash, G. J. Lumetta,
Woodhead Publishing, Cambridge, UK, 2011, pp. 95–119.

[3] S. A. Bryan, T. G. Levitskaia, A. M. Johnsen, C. R. Orton,
J. M. Peterson, Radiochim. Acta 2011, 99, 563–571.

[4] C. Orton, S. Bryan, J. Schwantes, T. Levitskaia, C. Fraga, S.
Peper, Proceedings of the Symposium on International
Safeguards, Vienna, Austria, November, 2010.

[5] L. S. Natrajan, A. N. Swinburne, M. B. Andrews, S. Randall,
S. L. Heath, Coordin. Chem. Rev. 2014, 266, 171–193.

[6] D. Cohen, J. Inorg. Nucl. Chem. 1961, 18, 207–210.
[7] J. C. Hindman, in The Transuranium Elements, eds. G. T.

Seaborg, J. J. Katz, W. M. Manning, McGraw-Hill Book
Company, New York, 1st Ed. edn. 1949, p. 370.

[8] S. Y. Kim, T. Asakura, Y. Morita, J. Radioanal. Nucl. Chem.
2013, 295, 937–942.

[9] D. Cohen, J. Inorg. Nucl. Chem. 1961, 18, 211–218.
[10] R. E. Connick, M. Kasha, W. H. McVey, G. E. Sheline, in

The Transuranium Elements, eds. G. T. Seaborg, J. J. Katz,
W. M. Manning, McGraw-Hill book Company, New York,
1st Ed. edn. 1949, p. 559.

[11] J. C. Hindman, in The Transuranium Elements, eds. G. T.
Seaborg, J. J. Katz, W. M. Manning, McGraw-Hill Book
Company, INC., New York, 1st Ed. edn. 1949, p. 388.

[12] A. M. Lines, S. R. Adami, S. I. Sinkov, G. J. Lumetta, S. A.
Bryan, Anal. Chem. 2017, 89, 9354–9359.

[13] W. R. Heineman, Anal. Chem. 1978, 50, 390A–402A.
[14] A. M. Lines, Z. M. Wang, S. B. Clark, S. A. Bryan, Electroa-

nal. 2016, 28, 2109–2117.
[15] S. D. Branch, A. M. Lines, J. Lynch, J. M. Bello, W. R.

Heineman, S. A. Bryan, Anal. Chem. 2017, 89, 7324–7332.
[16] F. Weigel, J. J. Katz, G. T. Seaborg, in The Chemistry of the

Actinide Elements, eds. J. J. Katz, G. T. Seaborg, L. R. Morss,
Chapman and Hall, New York 1986, vol. 1.

[17] S. G. Bratsch, J. Phys. Chem. Ref. Data 1989, 18, 1–21.
[18] D. G. Peters, W. D. Shults, J. Electroanal. Chem. 1964, 8,

200–229.

Full Paper

www.electroanalysis.wiley-vch.de � 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Electroanalysis 2017, 29, 2744 – 2751 2750

www.electroanalysis.wiley-vch.de


1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58

[19] J. M. Cleveland, in Plutonium Handbook, ed. O. J. Wick,
Science Publishers Inc., New York, 1967, vol. I, ch. 13.
Solution Chemistry of Plutonium pp. 403–519.

[20] L. Kisova, J. H. Sluyters, J. Electroanal. Chem. 1972, 40, 29–
43.

[21] J. C. Hindman, in The Actinide Elements, eds. G. T. Seaborg,
J. J. Katz, McGraw-Hill Book Co., New York 1954, ch. 14-A,
pp. 301–370.

[22] H. Lahr, W. Knoch, Radiochim. Acta 1970, 13, 1–5.
[23] R. J. Lemire, Chemical Thermodynamics of Neptunium and

Plutonium 2001, vol. 4, ch. 4, p. 405.
[24] V. B. Shevchenko, V. G. Timoshev, A. A. Volkova, Soviet J.

At. Energy 1960, 6, 293–296.
[25] B. M. L. Bansal, S. K. Patil, H. D. Sharma, J. Inorg. Nucl.

Chem. 1964, 26, 993–1000.
[26] V. Friehmelt, A. He, Z. Yang, G. Marx, Inorg. Chim. A-F-

Block 1985, 109, L25–L26.

[27] S. Georgette, S. Picart, C. Bouyer, J. Maurin, I. Bisel, S.
Grandjean, J. Deseure, F. Lapicque, J. Electroanal. Chem.
2014, 727, 163–170.

[28] S. Chatterjee, A. S. Del Negro, M. K. Edwards, S. A. Bryan,
N. Kaval, N. Pantelic, L. K. Morris, W. R. Heineman, C. J.
Seliskar, Anal. Chem. 2011, 83, 1766–1772.

[29] T. P. DeAngelis, W. R. Heineman, J. Chem. Educ. 1976, 53,
594–597.

[30] S. Casadio, F. Orlandini, J. Electroanal. Chem. Interf. Electro-
chem. 1971, 33, 212–215.

[31] R. E. Connick, J. Am. Chem. Soc. 1949, 71, 1528–1533.

Received: August 4, 2017
Accepted: September 8, 2017

Published online on September 20, 2017

Full Paper

www.electroanalysis.wiley-vch.de � 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Electroanalysis 2017, 29, 2744 – 2751 2751

www.electroanalysis.wiley-vch.de

