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Abstract

The oxalate ligand is prevalent throughout the nuclear fuel cycle. While the Pu(III)- and Pu(IV)-

oxalate systems are well studied due to their use in plutonium metal and PuO2 production, the 

effect of oxalate on Pu(VI) remains understudied. Absorption spectroscopy was employed to probe 

the solution behavior of the Pu(VI)-oxalate system as a function of pH (1, 3, 7) and metal-to-ligand 

ratio (M/L; 10:1–1:10). Peak changes in the UV-vis-NIR spectra were associated with the 

formation of multiple Pu(VI)-oxalate species with increasing oxalate concentration. Some insight 

into identification of species present in solution was gained from the limited Pu(VI)-oxalate 

literature and comparisons with the assumed isostructural U(VI)-oxalate system. A peak in the 

UV-vis-NIR spectrum at 839 nm, which corresponds to the formation of a 1:1 PuO2(C2O4)(aq) 

complex, was observed and used to determine the formation constant (log β° = 4.64 ± 0.06). A 

higher coordinated Pu(VI)-oxalate peak at 846 nm was tentatively assigned as the 1:2 complex 

PuO2(C2O4)2
2- and a preliminary formation constant was determined (log β° = 9.30 ± 0.08). The 

predominance of both complexes was shown in speciation diagrams calculated from the formation 

constants, illustrating the importance of considering the Pu(VI)-oxalate system in the nuclear fuel 

cycle.
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1. Introduction

Oxalate (C2O4
2-) is an organic ligand that can be introduced into the nuclear fuel cycle during the 

reprocessing of spent nuclear fuel (SNF),1 the preparation and purification of plutonium dioxide 

or plutonium metal,2 as a byproduct of radiolytic degradation of intermediate-level nuclear 

wastes,3 and through the decomposition of natural organic matter (NOM).4,5 Due to multiple 

possible routes of oxalate introduction into the nuclear fuel cycle, there is a growing need to fully 

understand the impact of oxalate on the behavior of the actinide elements in chemical matrices that 

represent environmental and process systems. Specifically, expanding interest in the development 

and use of mixed-oxide (MOX) fuels, as well as ongoing environmental remediation and storage 

of legacy nuclear waste, necessitates a deeper understanding of the plutonium oxalate system.6–8

Extensive effort has been placed into the development of purification methods utilizing the 

relatively low solubility of tri- and tetravalent actinide oxalates in aqueous solutions. Precipitation 

of tetravalent Pu in the form of insoluble oxalates followed by calcination to form PuO2(s) has 

been the industrial standard for purification of Pu for decades.6,9–11 More recently, precipitation of 

trivalent Pu oxalate has been used as a path toward the preparation of suitable PuO2(s) pellets for 

MOX fuels.8,12 Early development of these precipitation methods has focused on increasing 

recovery efficiency and investigating the impact of various contaminants in the system on the 

recovery of Pu, rather than gaining new scientific understanding of the solution or solid-state 

chemistry. The quick reduction to primarily tetravalent Pu and subsequent precipitation has also 

led to a limitation of the oxidation states studied in the presence of oxalate. Thus, the mention of 

higher valence Pu oxalates in the literature is rare.

A further limitation in actinide oxalate literature arises from the emphasis on solid-state 

studies of actinide(IV) oxalates, as opposed to research aimed at describing the aqueous-phase 
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speciation of such systems. The low solubility of these oxalate compounds, along with the targeted 

approach toward this system for application rather than basic science, likely drove the literature 

toward this knowledge gap. Structural characterizations of some Pu-oxalate compounds have been 

published, but these studies are quite limited and primarily focus on the thermal degradation 

pathway from Pu(IV)-oxalate to PuO2(s).13,14 A larger collection of available uranium oxalate 

literature includes investigations pertaining to the U-oxalate system for U(IV) and U(VI) in both 

solid-state and aqueous systems. However, the aqueous studies are still significantly outnumbered 

by solid-state studies.

Only six articles on the aqueous Pu(VI)-oxalate system have been published and all have 

involved the use of spectrophotometric or potentiometric techniques.1,4,15–18 Two aqueous Pu(VI)-

oxalate complexes have been proposed—PuO2(C2O4)(aq) and [PuO2(C2O4)2]2–—but neither have 

been fully characterized.16–18 In the solid-state, several possible Pu(VI)-oxalate compounds have 

been synthesized; again, limited characterization is available. Jenkins et al.19 report powder X-ray 

diffraction data for hexavalent PuO2(C2O4)∙3H2O(cr) and the isomorphous UO2(C2O4)∙3H2O(s) 

compound.19 Additionally, the electronic properties of the PuO2(C2O4)∙3H2O(s) precipitate have 

been reported.20,21 Bessonov et al.20 propose electronic absorption peak assignments for 

[PuO2(C2O4)2]2–
 (837 nm), PuO2(C2O4)∙3H2O(cr) (839 nm), PuO2(C2O4)∙H2O(cr) (844 nm), 

(NH4)2(PuO2)2(C2O4)3(s) (845 nm), and (NH4)2PuO2(C2O4)2(s) (847 nm).20 This group of 

compounds is assumed to share the pentagonal bipyramidal coordination of Pu(VI) present in the 

Pu(VI)-aquo ion due to the presence of a strong absorbance peak in the 830–850 nm region. An 

additional compound, K2(PuO2)2(C2O4)3∙4H2O(s), does not have a peak within this region and is 

assumed to provide an example of the hexagonal bipyramidal coordination of Pu(VI) and the 

resulting Laporte forbidden f-f transition.
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U-oxalate and Np-oxalate studies may provide insight into the possible coordination of 

Pu(VI) in the presence of oxalate. According to analogous solid-state U(IV/VI) and Np(V) 

complexes, we expect Pu(VI) to coordinate with up to three oxalates, while lower oxidation states 

(e.g., Pu(IV)) may coordinate with up to five oxalates.19,22–25 In the significantly larger library of 

U(VI)-oxalate structures, uranyl oxalate has been reported with two or three oxalates coordinated 

equatorially to the uranyl ion, resulting in a coordination number between 6 and 8.24 When only 

two oxalates are coordinated to the uranyl ion, the equatorial plane is completed through 

coordination with a water molecule. In the aqueous system, 1:1, 1:2, 1:3, 2:3, and 2:5 U(VI)-

oxalate complexes have all been proposed: [(UO2)(C2O4)(H2O)]–, [(UO2)(C2O4)2(H2O)]2–, 

(UO2)(C2O4)3(aq), [(UO2)2(C2O4)3]2–, and [(UO2)2(C2O4)5]6–, respectively. Several studies have 

determined that only the 1:1, 1:2, and 1:3 complexes were present under acidic conditions (pH < 

1),5,26,27 although it was unclear whether the third oxalate was coordinated in a monodentate or 

bidentate fashion.  A spectrophotometric study of U(VI)-oxalate in 3 M NaClO4 reports that all 

five complexes mentioned above were present and relevant to chemical modelling, but the 2:3 

complex was a minor component with little contribution at pH 4.28 The 2:5 complex has been 

identified in a UV-vis study in acetone.29 Manfredi et al.30 propose the existence of more than 10 

equilibrium species in the ternary UO2
2+-OH–-C2O4

2– system when 4.5 < pH < 8.5. However, only 

three of the 10 proposed ternary complexes were identified by electrospray mass spectrometry: 

[(UO2)(OH)(C2O4)]–, [(UO2)2(OH)4(C2O4)2]4–, and [Na4(UO2)2(OH)2(C2O4)4]2–.

The published literature shows that uncertainties remain regarding the aqueous–phase 

speciation of the U(VI)-oxalate system and thus, the extension of this speciation to the Pu(VI) 

system. This present study represents the first spectrophotometric investigation of the Pu(VI)-

oxalate system as a function of pH (1, 3, 7) and metal to ligand ratio (M/L; 10:1–1:10). We used 
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UV-vis-NIR spectroscopy to investigate the formation of Pu(VI)-oxalate complexes in solution, 

providing insight into the behavior of Pu(VI) in the presence of oxalate. When possible, we identify 

specific species and calculate the respective formation constant.

2. Materials and Methods

CAUTION: Plutonium is radioactive and should only be handled by trained workers in approved 

facilities. These experiments were conducted in a specially designed laboratories licensed by the 

U.S. Nuclear Regulatory Commission and the University of Notre Dame Radiation Control 

Committee.

2.1 Materials

All chemicals were used as received. Oxalic acid dihydrate (98%) was purchased from Alfa-Aesar 

and sodium chloride (Certified ACS) was purchased from Fisher Scientific. Unless otherwise 

stated, MilliQ water (18.2 MΩ·cm at 25 °C) was used for dilutions.

2.2 Pu(VI) Stock Solution Preparation

A Pu(VI) working solution was prepared by oxidizing nominally weapon-grade Pu(VI) (>94% 

239Pu) in boiling concentrated nitric acid, followed by purification by column chromatography 

(Bio-Rad AG 1-X8 resin, 100-200 mesh) resulting in 3.445 ± 0.005 mM Pu(VI) in 3 M HNO3. An 

aliquot of the stock (12 mL) was evaporated to dryness and the residue was dissolved in MilliQ 

water. The evaporation and dissolution processes were repeated at least three times before the final 

residue was dissolved in 0.1 M NaCl to yield a 19.574 ± 0.001 mM solution of Pu(VI). The Pu 

oxidation state was confirmed by UV-vis-NIR to be Pu(VI) (Figure S1) prior to the start of the 

experiments. A fresh working solution was created for each series of pH-specific experiments (pH 

= 1, 3, 7).
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2.3 Experimental Setup and Analysis

All experimental solutions were prepared in a HEPA-filtered hood under ambient conditions. All 

pH measurements were performed with an Orion Star A211 pH meter (Thermo Scientific) coupled 

with a double junction semi-micro combination pH electrode (Orion, Thermo Scientific). A pH 

calibration was performed each day of use. All pH values are reported as experimental pH without 

ionic strength correction. The oxalate concentration was varied (0–10 mM) using 20 mM oxalate 

in 0.1 M NaCl.  The pH of the oxalate stock was adjusted to 8.0 ± 0.5 with 0.1 M NaOH prior to 

use. Each vial was diluted to a total volume of 2 mL with 0.1 M NaCl, thus maintaining a constant 

ionic strength of 0.1 M for each experiment. The initial pH was adjusted to the target value (1, 3, 

7) prior to Pu addition. Once the target pH was achieved, all solutions were spiked with the Pu(VI) 

working solution to result in an initial Pu concentration of 0.870 ± 0.006 mM. Experimental pH 

values were measured again prior to UV-vis-NIR analysis (Table S2) and were adjusted to the 

desired range, if necessary, with 0.1 M NaOH or 0.1 M HCl.

Samples were analyzed using a Cary 6000i UV-vis-NIR from 200–1200 nm with a scan 

rate of 60 nm‧min-1 in a quartz cuvette with a 1-cm path length. A background subtraction was 

performed with 0.1 M NaCl. Each UV-vis-NIR spectrum was collected no more than 15 minutes 

after addition of Pu to the experimental solution. Molar extinction coefficients (ε) were calculated 

using the Beer-Lambert law31,32 (A = εbC). Uncertainties in molar extinction coefficients were 

calculated through error propagation using peak fitting procedure uncertainties (0.001–0.0001 

A.U.) for absorbance and % RSD values for aqueous Pu concentrations that were determined via 

liquid scintillation counting (LSC).
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2.4 Liquid scintillation counting (LSC)

Aqueous Pu concentrations were monitored by LSC on a PerkinElmer Tri-Carb 3110 TR liquid 

scintillation analyzer. Aliquots of experimental solutions (5 μL) were diluted into an organic LSC 

cocktail (4 mL, Wallack ‘HiSafe’) and measured for 5–60 minutes until appropriate counting 

statistics were achieved. Table S1 shows the aqueous Pu concentrations of each experimental 

solution following Pu spike into oxalate in 0.1 M NaCl.

3. Results

3.1 Ultraviolet-Visible-Near Infrared (UV-vis-NIR) Spectrophotometry

UV-vis-NIR spectrophotometry was used to study the speciation of the Pu(VI)-oxalate system as 

a function of pH (0.99 ± 0.08 (pH 1), 2.95 ± 0.35 (pH 3), and 6.94 ± 0.32 (pH 7)) and metal-to-

ligand ratio (M/L; 10:1–1:10). These pH values were used to determine the effect of oxalate 

protonation (i.e.,  H2C2O4, HC2O4
–, and C2O4

2–; (pKa(1)° = 4.250 ± 0.010; pKa(2)° = 1.400 ± 

0.030))33 on Pu(VI)-oxalate complex formation and Pu redox behavior. Experimental pH values 

are recorded in Table S2, Figure 1 shows absorption spectra of Pu(VI)-oxalate solutions at each 

investigated pH and M/L ratio, and Table 1 summarizes the major absorption peaks and proposed 

species assignments.
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Figure 1. Comparison of UV-vis-NIR data from (left) 820–870 nm and (right) 925–1050 nm at pH 

1 (black), pH 3 (red), and pH 7 (blue) as a function of metal-to-ligand (M/L) ratio (10:1–1:10). 

Samples were analyzed within 15 minutes of the Pu(VI) spike.

The spectra for Pu(VI) in the absence of oxalate show that no Pu reduction occurred at any 

investigated pH within the analysis time frame. The characteristic peaks representative of Pu(III), 

Pu(IV), and Pu(V) were not observed in the 200–700 nm region (Figure S2). In the mid-

wavelength region (820–870 nm, Figure 1, left), the primary peak present at pH 1 was the 

characteristic Pu(VI)-aquo ion peak at 831 nm (peak a). An increase in the intensity of this peak 

was observed as the pH increased from 1 to 3. At pH 7, the peak became broader and exhibited a 

red shift that resulted in an absorption band with much smaller intensity centered at 850 nm (peak 
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d), which is indicative of Pu(VI) hydrolysis species.34–36 Similar changes as a function of pH were 

observed in the higher wavelength range of the spectra (900–1050 nm, Figure 1, right). The 

Pu(VI)-aquo ion peaks at 952 and 982 nm (peaks e and h) were present at pH 1 and increased in 

intensity as the pH was raised from 1 to 3. At pH 7, these two peaks were no longer observed. 

Instead, a broad peak of higher intensity was observed from 975–1030 nm. Spectral deconvolution 

showed that this broad peak was best fit by two separate peaks centered at 997 and 1011 nm (peaks 

j and k), identified as Pu hydrolysis species within the literature.

For experiments containing Pu and oxalate at pH 1, new peaks were observed in both the 

mid- and high-wavelength ranges. A new peak at 839 nm (Figure 1, peak b) was observed after 

the addition of oxalate (M/L = 10:1). As shown in Figure 2a, the intensity of the 839 nm peak 

increased with increasing oxalate concentration ([L]), whereas the intensity of the PuO2
2+ peak at 

831 nm decreased with increasing [L]. Both peaks were present even at the highest oxalate 

concentration (M/L = 1:10). In the high-wavelength region (Figure 1, right), new peaks at 971 and 

993 nm (peaks f and i) were observed when M/L = 1:1. In the presence of excess oxalate ([M] ≤ 

[L]), the intensity of these new peaks increased with oxalate concentration and the intensity of the 

PuO2
2+ peaks at 952 and 982 nm decreased with increasing [L]. Unlike in the mid-wavelength 

region, the PuO2
2+ peaks were not present at M/L = 1:10.

In solutions containing Pu and oxalate at pH 3, a similar growth of new peaks coupled with 

the loss of peaks associated with the Pu(VI) aquo ion was observed as oxalate concentrations were 

increased. The 839 nm peak appeared when M/L = 10:1 and the complete loss of the PuO2
2+ peak 

at 831 nm occurred in the presence of equimolar oxalate (M/L = 1:1). A second peak was observed 

at 846 nm (Figure 1, peak c) when [M] ≤ [L] and gained intensity as the intensity of the 839 nm 

peak decreased; the 839-nm peak was no longer apparent when M/L = 1:10 (Figure 2b). In the 
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high-wavelength region, the PuO2
2+ peaks were not present when [M] ≤ [L]. The 971 and 993 nm 

peaks appeared when M/L = 5:1 and increased with increasing [L] until M/L = 1:1. When oxalate 

was in excess, the 971 and 993 nm peaks exhibited a red-shift with increasing [L]. The final peak 

positions were 979 and 997 nm (Figure 1, peaks g and j), respectively, at M/L = 1:10 (Figure S3b).

In the mid-wavelength region at pH 7, both the 839 and 846 nm peaks were observed in 

the presence of oxalate. The 846 nm peak resulted from a blue-shift of the Pu(VI) hydrolysis peak 

(850 nm) over the range M/L = 10:1–1:1 and slightly increased in intensity at higher [L] (Figure 

2c). The 839 nm peak only appeared when [M] ≥ [L] and remained a minor peak compared to 

those at 850 nm and 846 nm. In the high-wavelength region of the UV-vis-NIR spectrum, the 

Pu(VI) hydrolysis peak at 997 nm persisted across the entire range of M/L ratios. Instead, changes 

were observed in the Pu(VI) hydrolysis peak at 1011 nm, which decreased in intensity with 

increasing [L]. When [M] ≤ [L], peak in growth was observed at 979 nm (Figure S3c).
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Figure 2. UV-vis-NIR spectra of Pu(VI)-oxalate experiments at (a) pH 1, (b) pH 3, and (c) pH 7 

from 820–880 nm. Red and blue arrows show changes in peak intensity or shifts in peak position 

with increasing [L].

4. Discussion

4.1 UV-vis-NIR Spectroscopy

Samples containing only Pu(VI) and 0.1 M NaCl were analyzed with absorption 

spectrophotometry to monitor the initial oxidation state present at each experimental pH (1, 3, 7). 

The presence of the characteristic Pu(VI) peaks and lack of Pu(V) and Pu(IV) peaks indicated that, 
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at t < 15 minutes in the absence of oxalate, Pu was present only as the +VI oxidation state in 

solution.1 At pH 1 and 3, only the intense peak at 831 nm, indicative of PuO2
2+, was present 

between 800 and 900 nm. At pH 7, broad peaks centered at 850 nm and 1011 nm represented the 

formation of Pu(VI)-hydrolysis complex(es) in solution (Figure S4). Thermodynamic calculations 

were performed to better predict the species present in each system (see Section 4.3). The resulting 

speciation diagrams (Figure S5) show that the predicted dominant species of Pu(VI) in the absence 

of oxalate is PuO2
2+ at pH 1 and 3 and [PuO2OH]+ or [(PuO2)2(OH)2]2+ at pH 7 in the presence of 

atmospheric carbonate.1,35,37,38

Changes in the sharp, strong 831 nm peak representative of the Pu(VI) f-f transition were 

used to monitor the loss of the Pu(VI)-aquo ion with increasing [L]. Only one spectroscopic study 

of the Pu(VI)-oxalate system has been reported,20 so additional guidance for understanding 

changes in our systems was obtained from previous reports on the spectral impact of changing 

Pu(VI) coordination.39–45
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Table 1: Proposed UV-vis-NIR peak assignments for the Pu(VI)-oxalate system.1,46 Peak ID refers 

to the vertical, green, dashed lines in Figure 1.

Peak 
ID

Peak 
(nm)

Proposed Species 
Assignment Reference

a 831 PuO2
2+ 1

b 839 PuO2(C2O4)(aq) This work
c 846 [PuO2(C2O4)2]2- This work

d 850 [PuO2OH]+ or 
[(PuO2)2(OH)2]2+ 

1,35,37

e 952 PuO2
2+ 1

f 971 PuO2(C2O4)(aq) This work
g 979 [PuO2(C2O4)2]2- This work
h 982 PuO2

2+ 1

i 993 PuO2(C2O4)(aq) This work

j 997  [(PuO2)m(OH)n](2m-n)+ 
[PuO2(C2O4)2]2-

46

This work
k 1011 [(PuO2)m(OH)n](2m-n)+ 46

The peaks at 839 and 846 nm were determined to represent Pu(VI)-oxalate complexes that 

shared the pentagonal bipyramidal coordination environment of the fully hydrated Pu(VI)-aquo 

ion ([PuO2(H2O)6]2+).47 The strong peaks in the 830–850 nm region were lost as the f-f transition 

became Laporte forbidden with the addition of an inversion center (i.e., hexagonal bipyramidal 

coordination).20 A similar loss of peaks in the 830–850 nm region with changing Pu(VI) 

coordination geometry has previously been reported.44,45 By assuming that the presence of peaks 

within the 830–850 nm region are dependent on the presence of Pu(VI) in hexagonal bipyramidal 

coordination, the identification of species correlating to the new peaks observed in the current 

work may be proposed. The presence of two peaks at 839 and 846 nm, which have distinct growth 

trends with the addition of oxalate, suggests the formation of at least two Pu(VI) oxalate species 

in solution. The 839 nm peak, which was predominantly observed at pH 1 and 3, is consistent with 

the previously-observed peak corresponding to the 1:1 PuO2(C2O4)∙3H2O(s) compound, while the 

846 nm peak observed at pH 3 and 7 was similar to the peak previously identified for the solid 2:3 
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and 1:2 compounds (NH4)2(PuO2)2(C2O4)3(s) (845 nm) and (NH4)2PuO2(C2O4)2(s) (847 nm), 

respectively.20 Therefore, we assign the 839 nm peak to PuO2(C2O4)(aq) and the 846 nm peak to 

species like [PuO2(C2O4)2]2– and/or [(PuO2)2(C2O4)3]2–.

Although the comparison of aqueous and solid-state absorption data is not ideal, the limited 

nature of the literature has necessitated this comparison. Additional support for our conclusions 

can be drawn from similar systems in the literature. Pu(VI) coordination with chloride40–42 and 

carboxylate ligands such as dipicolinic acid (DPA),44 iminodiacetic acid (IDA),45 and 

methyliminodiacetic acid (MIDA)45 has been reported to form 1:1 species with absorption peaks 

between 838 and 841 nm and 1:2 species with peaks between 843 and 852 nm. For example, the 

1:1 species PuO2(DPA)(aq) and PuO2(IDA)(H2O)3(aq) have strong absorption peaks at 838 and 

840.6 nm, respectively.44,45 Direct comparison of the 846 nm peak is more difficult due to the 

observed impact of the complexing ligand on the precise location and shape of this peak. Given 

that the 1:2 species [PuO2(IDA)2]2– has strong absorption at 853.3 nm,45 we propose that the 846 

nm peak is indicative of the 1:2 species [PuO2(C2O4)2]2–.16–18,20

Little attention has been focused on the importance of the high-wavelength region (900–

1050 nm) in the literature. The current work has monitored similar changes in this region as noted 

in the mid-wavelength region (820–870 nm), further supporting the formation of multiple Pu(VI) 

oxalate complexes in solution with the addition of oxalate. At pH 1 and 3, the loss of intensity of 

the Pu(VI)-aquo ion peaks (952 and 982 nm) were nearly mirrored by the intensity loss of the 831 

nm peak. Slight differences of intensity loss between the regions are likely due to the lower molar 

absorptivity of the high-wavelength peaks compared to the mid-wavelength region. Similarly, the 

Pu(VI)-hydrolysis complex peaks (997 and 1011 nm) lost intensity in a comparable manner as the 

850 nm peak, where increasing [L] led to a decrease of Pu(VI)-hydrolysis peaks. The oxalate-
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dependent peaks in the high-wavelength region may be paired with peaks in the mid-wavelength 

region and the corresponding Pu(VI)-oxalate complexes. The 971 and 993 nm peaks increase in 

intensity similar to the 839 nm peak, and thus can be assigned to the 1:1 species PuO2(C2O4)(aq). 

The 979 and 997 nm peaks behave the same as the 846 nm peak, and thus are assigned as 

[PuO2(C2O4)2]2–.

4.1.1 Impact of pH

Varying the pH of experimental solutions can impact the hydrolysis of Pu(VI) and protonation 

state of the oxalate. A change in the speciation of Pu(VI) in the absence of oxalate was only 

observed for samples at pH 7, as displayed by the shift in the 831 nm peak to higher wavelength 

(850 nm). This shift is consistent with hydrolysis of the Pu(VI)-aquo ion.1 Thermodynamic 

calculations show the presence of two possible hydrolysis species at this pH: [PuO2OH]+ and 

[(PuO2)(OH)2]2+ (Figure S5). 

The pH displayed an impact on the formation of Pu(VI)-oxalate complexes in solution. At 

pH 1, the oxalate is expected to be fully protonated (i.e., H2C2O4(aq), Figure S5), and thus less 

likely to fully coordinate with available metals. The continued presence of the Pu(VI) peak at 831 

nm with an excess of oxalate, likely due to the lack of coordination with the fully protonated 

oxalate, agrees with this assumption. However, the appearance of the 839 nm peak, identified as a 

1:1 Pu(VI) oxalate complex, indicates that, even though the free oxalate is fully protonated and 

complete complexation of all available Pu did not occur, limited complexation reactions still 

proceeded under these conditions.

At higher pH, partial (HC2O4
-, pH 3) or full (C2O4

2-, pH 7) deprotonation of oxalate (Figure 

S5) is expected to lead to more complexation with available metals than at lower pH because of 

the availability of bonding sites and a negative charge on the free ligand, which would result in 
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stronger interactions with the positively charged Pu(VI) ions in solution.33 The complete loss of 

the characteristic Pu(VI) peak at pH 3 (831 nm) and pH 7 (850 nm) with increasing [L] suggests a 

loss of the Pu(VI)-aquo ion and Pu(VI) hydrolysis products, respectively. Distinct peaks at 839 

and 846 nm were observed at both pH 3 and 7, indicating the presence of two Pu(VI)-oxalate 

complexes in solution. The 1:1 complex formed in a lower concentration at pH 7 than in the pH 3 

system, as seen by the overall lower intensity of the 839 nm peak and its subsequent decrease in 

intensity with increasing [L]. Figure S5 shows the loss of PuO2
2+ with the growth of the 1:1 

complex, agreeing with the observations in the absorption data. Although ternary complexes have 

been reported for the U(VI)-oxalate system (i.e., [(UO2)(OH)(C2O4)]–, [(UO2)2(OH)4(C2O4)2]4–, 

and [Na4(UO2)2(OH)2(C2O4)4]2–),30 evidence of similar Pu species was not observed. The 

spectroscopic similarities of the pH 3 and pH 7 systems in the presence of excess oxalate suggest 

the presence of similar species. As the ternary hydrolysis complexes would not be expected at pH 

3, the data does not provide sufficient evidence toward the presence of these species at pH 7.

4.1.2 Impact of Metal to Ligand (M/L) Ratio

At pH 1 and 3, we observed a decrease in the Pu(VI)-aquo ion peak at 831 nm with [L] 

accompanied by the growth of Pu(VI)-oxalate coordination peaks at 839 and 846 nm, suggesting 

the formation of multiple coordination complexes with changing M/L ratio. The 839 nm peak was 

observed with just 0.1 equivalents of oxalate in the presence of Pu(VI) at all three investigated 

pHs, indicating favorable coordination of Pu(VI) by oxalate under the experimental conditions 

investigated within this study. With increasing [L], the Pu(VI)-aquo ion peaks (831, 952, and 982 

nm) either decreased in intensity (pH 1) or were completely lost (pH 3 and 7) and were replaced 

by peaks indicative of Pu(VI)-oxalate complex formation (839 and 846 nm).
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While all three investigated pHs displayed clear isosbestic points with increasing [L] 

(Figure 2), the spectral changes for the pH 3 experiments were the most dynamic with changing 

M/L (Figure 2b). Between M/L = 3:1 and M/L = 1:1, the first isosbestic point at ~835 nm formed 

as the peak representative of PuO2
2+ (831 nm) was completely replaced by the peak assigned as 

the PuO2(C2O4)(aq) complex (839 nm). At M/L = 1:1, the spectrum suggested that nearly all 

Pu(VI) was coordinated, providing further support that the 839 nm peak represents the 1:1 Pu(VI)-

oxalate aqueous complex. A second isosbestic point between the 839 and 846 nm peaks was 

observed when [M] ≤ [L], indicating a clear mixture of two separate Pu-oxalate complexes in 

solution upon complete complexation. As [L] was increased so that M/L = 1:2, the 839 and 846 

nm peaks became nearly equivalent in intensity. Increasing the [L] further pushed the second 

isosbestic point towards the higher wavelength peak, resulting in the complete replacement of the 

839 nm peak with the 846 nm peak in the presence of an excess of oxalate. The loss of the 839 nm 

peak in the presence of excess oxalate agrees with the assignment of the 839 nm peak as the 1:1 

Pu(IV)-oxalate complex. We have tentatively assigned the 846 nm peak to the 1:2 Pu(VI)-oxalate 

complex [PuO2(C2O4)2]2–, but further work is necessary to definitively confirm this peak 

assignment due to the overall complexity of the system and the predominance of multiple 

equilibrium complexes in solution simultaneously. The relative intensities of the two aqueous 

complexation peaks were equivalent at M/L = 1:2 and only a slight increase in intensity was 

observed for the 846 nm peak when [M] ≤ 3[L] after the loss of the 839 nm peak. Due to the likely 

equilibrium between the 1:1 and 1:2 Pu(VI)-oxalate species, we believe this increase is due to the 

completion of the replacement of 1:1 species with the 1:2 species, and not a higher coordination 

complex.
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The experiments conducted at pH 1 and 7 exhibited similar trends, but with only one 

observed isosbestic point instead of two. At pH 1, increasing [L] led to a near complete loss of the 

831 nm peak and the formation of the 1:1 Pu(VI)-oxalate complex, as indicated by the presence of 

only the 839 nm peak at equimolar and higher ligand concentrations (Figure 2a). At pH 7, the 839 

nm peak representative of the 1:1 Pu(IV)-oxalate complex was present, but not favored (Figure 

2c). Instead, the 846 nm peak grew in and dwarfed the lower wavelength 839 nm peak, thus 

suggesting the favorable formation of complexes with more coordinated ligands (i.e., 

[PuO2(C2O4)2]2–) than observed at lower pH. This agrees with the expectation that higher 

coordination is favored under conditions which promote ligand deprotonation, such as higher pH, 

due to the availability of more free coordination sites on the ligand.

4.3 Molar Absorption Coefficient and Thermodynamic Calculations

UV-vis-NIR results were coupled with total aqueous Pu concentrations from liquid scintillation 

counting analyses to calculate molar extinction coefficients (ε) for the Pu(VI)-aquo ion and 

Pu(VI)-oxalate complex peaks identified in the mid-wavelength range (820–870 nm) of pH 3 

solutions (Table 2). In the pH 3 system, the 830 and 846 nm peaks were isolated and peak fit. The 

peak data, along with [Pu] from LSC allowed for the calculation of the ε value for each peak. From 

these values, the ε value for the 839 nm peak was calculated.  The ε value for the Pu(VI) spectra 

in the absence of oxalate at pH 3 was significantly lower than the published literature value (555 

cm–1M–1).1 This discrepancy can be attributed to spectral changes that occur with increasing pH, 

as the literature value was collected for a solution at pH 0. In fact, Figure 1 displayed a lower 

absorption intensity at ~830 nm for the Pu(VI) solution in the absence of oxalate at pH 3 when 

compared to the spectrum collected at pH 1, providing further support for a lower calculated ε 

value at elevated pH. This result thus provided verification of methodology and the calculations 

Page 18 of 28Physical Chemistry Chemical Physics



19

performed for all other identified peaks within the UV-vis-NIR spectra. In the absence of oxalate, 

only one peak was observed in the mid-wavelength region, which was attributed to the Pu(VI) 

aquo ion. For this reason, calculations were performed assuming no contributions from chloride 

or hydrolysis species.

Table 2. Calculated molar extinction coefficients for selected peaks identified within absorption 

spectra of pH 3 solutions with M/L = 1:0 to 1:10.

Experiment Absorption 
Maxima (nm)

Calculated ε 
(cm-1 M-1) Assigned Aqueous Speciation

Pu(VI) 
Control (no 

oxalate), pH 3
830 356 ± 36 [PuO2(H2O)]2+

831 362 ± 70 [PuO2(H2O)]2+

839 311 ± 62 1:1 complex, PuO2(C2O4)(aq)Pu(VI)-
Oxalate, pH 3 846 243 ± 24 [PuO2(C2O4)2]2-

Following the determination of ε values, we were able to calculate the ionic strength 

corrected formation constant for the 1:1 Pu(VI)-oxalate complex, PuO2(C2O4)(aq), at pH 3 

according to reaction 1.

PuO2
2+ + HC2O4

– ↔ PuO2(C2O4)(aq) + H+ log K° = 0.39 ± 0.06 (1)

Thermodynamic calculations were performed using the Medusa/Spana software package48 to 

verify the speciation of both oxalate and Pu(VI) as a function of pH prior to complexation under 

the appropriate experimental conditions (Figure S5). From these calculations, we determined that 

oxalate would be predominately singly protonated, and Pu(VI) would be found as the PuO2
2+ 
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cation in solution prior to solution mixing at pH 3 and in the presence of atmospheric carbon 

dioxide.

The formation constant for the 1:1 species was then used to determine a preliminary 

formation constant for the 1:2 species [PuO2(C2O4)]2– identified at 846 nm using the isosbestic 

point (i.e., equilibrium) observed between the 1:1 and 1:2 species (reaction 2):

PuO2(C2O4)(aq) + HC2O4
– ↔ [PuO2(C2O4)]2– + H+ log K° = 0.41 ± 0.05 (2)

For further thermodynamic calculations, protonation constants for oxalate were taken from 

Hummel et al.,33  free proton concentrations were calculated based off the experimentally 

measured pH values (Table S2), and ionic strength was corrected for using the Specific Ion-

interaction Theory (SIT) activity model (Table S5).49 The resulting formation constants for the 

PuO2(C2O4)(aq) and [PuO2(C2O4)]2– species were further applied to the speciation calculations, 

and evidence of their predominance in solution from pH 2–8 is highlighted within the speciation 

diagrams shown in Figure S5. 

By correcting reactions 1 and 2 to consider the protonation constants of oxalate to achieve 

the simplest reaction between the free Pu(VI)-aquo ion and the fully deprotonated oxalate, we were 

able to calculate a second apparent formation constant for both PuO2(C2O4)(aq) and PuO2(C2O4)2– 

(reactions 3–4), which are better equipped for comparison to literature values (reactions 5–6).

PuO2
2+ + C2O4

2- ↔ PuO2(C2O4)(aq) log β° = 4.64 ± 0.06 (3)

PuO2
2+ + 2C2O4

2- ↔ [PuO2(C2O4)2]2– log β° = 9.30 ± 0.08 (4)
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UO2
2+ + C2O4

2- ↔ UO2(C2O4)(aq) log β° = 7.13 ± 0.16 (5)33

UO2
2+ + 2C2O4

2– ↔ [UO2(C2O4)2]2– log β° = 11.65 ± 0.15 (6)33

The comprehensive review published by Hummel et al.33 discusses formation constants of 

additional radionuclide-oxalate complexes in detail, thus providing a repository of available 

literature values to compare with the constant generated within this work. Hummel et al.33 lists 

only one apparent formation constant for the PuO2(C2O4)(aq) species (log β = 6.64), which was 

determined by Gel’man et al.15 through a low pH solubility study at I = 1 M HNO3. This study 

resulted in an approximate formation constant for the [PuO2(C2O4)2]2– species (log β = 11.5). The 

review also discusses a second apparent formation constant for [PuO2(C2O4)2]2– (log β = 9.35 ± 

0.5), determined through a well-controlled potentiometric study (I = 1.0 M). None of the 

aforementioned values were corrected for ionic strength effects and they have not been verified in 

any additional studies. Ultimately, these values were not selected for inclusion in the NEA-TDB 

due to the typical instability of Pu(VI) in oxalate solutions, the uncertainties concerning the 

accuracy of the solubility data, and the lack of additional research supporting the thermodynamic 

values for the 1:1 species.33 

In contrast, the NEA-TDB lists 31 separate apparent and absolute formation constant 

values for the U(VI) analog of the 1:1 oxalate complex, which range from 3.22 to 7.37, depending 

on the experimental conditions, and 21 separate apparent and absolute formation constant values 

for the U(VI) analog of the 1:2 oxalate complex, ranging from 6.47 to 14.08. Through a series of 

strict selection criteria, Hummel et al.33 selected a single reliable value (log β° = 7.13 ± 0.16) for 

the formation of the analogous 1:1 U(VI)-oxalate complex (reaction 5) and a single reliable value 
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(log β° = 11.65 ± 0.15) for the formation of the analogous 1:2 U(VI)-oxalate complex (reaction 

6).33

Both the proposed Pu values by Gel’man et al.16 and Portanova et al.17 and the NEA-TDB 

selected U values are similar to the value for the PuO2(C2O4)(aq) and [PuO2(C2O4)]2– complexes 

calculated in the present work, and the difference between the 1:1 and 1:2 formation constants is 

~5 log units for both the literature U values and our calculated Pu values. This provides further 

support for the reliability of these calculations. Additionally, the calculated values for the 1:1 

Pu(VI)-oxalate complex falls near the middle of the range of values provided within the NEA-

TDB review for all analogous U complexes. As Hummel et al.33 did not select any Pu-oxalate 

complexes within their review, and the only listed values were not corrected for ionic strength, 

further direct comparison of Pu to U values for the oxalate is not reasonable. However, additional 

spectrophotometric, potentiometric, calorimetric, and capillary electrophoresis ICP-MS studies of 

the U(VI)-oxalate system were published after the NEA-TDB review.50–53 These studies provide a 

smaller range of values for the absolute formation constant of the UO2(C2O4)(aq) complex (i.e., 

log β° = 6.96–7.71) and the absolute formation constant for the [UO2(C2O4)2]2– complex (i.e., log 

β° = 11.45–12.07). The most notable observation of these more recent studies is the comparison 

of stability constants across the actinide series conducted by Brunel et al.,53 who discuss stability 

constants obtained through capillary electrophoresis techniques at 25 °C and extrapolated to zero 

ionic strength by SIT for U(VI), Np(V), Pu(V), and Am(III). While it is not reasonable to directly 

compare formation constants for aqueous complexes with different metal oxidation states, a trend 

was still observed when comparing Np(V) and Pu(V) values: formation constants for analogous 

complexes decreased across the actinide series. From this, we would expect the Pu(VI)-oxalate 

formation constants to be smaller in magnitude than the U(VI)-oxalate formation constants, which 
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agrees with the comparison provided in reactions 3–6. This observation, along with the similarities 

between the Pu values generated within this work and the U values selected by the NEA-TDB, 

provides further support for our assignment of the 1:1 and 1:2 Pu(VI)-oxalate complexes, 

PuO2(C2O4)(aq) and [PuO2(C2O4)2]2–, to the initial peaks observed within the UV-vis-NIR spectra 

from M/L = 1:0 to 1:10 at pH 3, thus partially clarifying the as yet undefined speciation within the 

Pu(VI)-oxalate system.

5. Conclusions

In this work, we have presented the first spectrophotometric study of the aqueous Pu(VI)-

oxalate system. UV-vis-NIR spectroscopy was used to investigate the system as a function of pH 

(1, 3, 7) and M/L (10:1 to 1:10). Several new peaks in the UV-vis-NIR spectra were observed with 

increasing oxalate concentration. These peaks were determined to represent the presence of 

multiple Pu(VI)-oxalacte species in solution. We have assigned the 1:1 Pu(VI)-oxalate complex, 

PuO2(C2O4)(aq), to a peak at 839 nm and tentatively identified the 1:2 complex, PuO2(C2O4)2
2- as 

responsible for the peak at 846 nm. The absolute formation constant of the 1:1 complex was 

determined (log β° = 4.64 ± 0.06). Due to the complexity of the system, only a preliminary 

formation constant was determined for the 1:2 complex (log β° = 9.30 ± 0.08). Both values were 

within reasonable agreement with the literature concerning UO2(C2O4)(aq) and [UO2(C2O4)2]2-, 

further supporting our assignments. 
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