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The reactivity of the nitrate radical (NO3
) with organophosphorous and amidic actinide and 

lanthanide complexing agents of interest to nuclear solvent extraction applications was measured, 

resulting in the first-ever reported bimolecular rate constants for this radicals’ reactions in 

dodecane solution. The order of reactivity for neutral organophosporous compounds showed faster 

rate constants with increasing electron density on the phosphoryl carbon, indicating an increasing 

facility for electron abstraction reactions occurring in addition to H-atom abstraction from the 

ligand alkane chains. The only acidic organophosphorous compound investigated, HEH[EHP], 

showed low reactivity with NO3
 radical, attributed to its dimerization in this non-polar solvent. 

Amide ligand reaction rates were faster than for organophosphorous molecules, suggesting more 

facile H-atom abstraction from carbonyl activated methylene and amyl groups. While all rate 

constants were slower than the diffusion-limited rate they were still rapid enough to result in 

significant oxidation of solvent extraction ligands in dodecane solution. 
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Introduction:

Uranium and plutonium have been successfully recycled from dissolved nuclear fuel solutions 

using tributyl phosphate (TBP) for almost 80 years, beginning in the Manhattan Project of World 

War II.1 This neutral organophosphorous ligand solvates uranium and plutonium ions in aqueous 

nitric acid as neutral nitrate complexes, which allows their partitioning to an organic phase 

consisting of an alkane diluent:

UO2
2+ + 2TBP + 2NO3

- ⇌ [UO2(NO3)2(TBP)2] (1)

Pu4+ + 2TBP + 4NO3
- ⇌ [Pu(NO3)4(TBP)2] (2)

However, TBP is inefficient for the extraction of trivalent actinides and lanthanides. This has been 

exploited to allow for the separation of uranium and plutonium from each other by redox 

manipulation of the plutonium valence state to Pu3+. Tributyl phosphate chemistry has been 

extensively reviewed by Schulz and Navratil in a multi-volume series.2

To develop a group actinide/lanthanide complexing agent that co-extracts trivalent metals, 

neutral organophosphorous compounds with more basic phosphoryl oxygen atoms are needed.  

Increased basicity is achieved by replacing the ether linkages of the phosphate with alkanes, to 

produce phosphonates and phosphine oxides having increased electronegativity on the phosphoryl 

O-atom.3  As an alternative to organophosphorous compounds, neutral, amidic O-donor ligands 

such as monoamides and diamides are also employed as group extractants for the actinides and 

lanthanides,4,5 with the added advantage that they can be incinerated for waste treatment purposes 

at the end of their useful lifetime. This is the so-called CHON principal in which the ligand is 

composed of only C, H, O and N atoms.6

Nuclear fuel dissolutions are highly radioactive due to decay of the dissolved actinides, 

fission products and activation product components of used fuel. Regardless of the solvent 
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extraction approach chosen, the organic ligands employed in contact with acidic, nuclear fuel 

dissolutions must be stable in the presence of the reactive species produced by the multi-

component radiolysis of both water and acid. For example, Elias et al. showed that the gamma-

irradiation of the aromatic compound anisole in aqueous nitric acid produced the same products as 

thermal acid hydrolysis, only in greater yields.7 Thus, the degradation of ligands in irradiated nitric 

acid is to be expected, along with its attendant, often detrimental, effects on metal ion separation 

efficiencies. One of the most important reactive species in irradiated nitric acid solution is the 

nitrate radical (NO3
),8 produced by both direct (⇝) and indirect radiolysis of both nitrate and 

nitric acid:9‒13

HNO3 ⇝ HNO3
+ + e- → H+ + NO3

 + e- (3)

NO3
- ⇝ NO3

 + e- (4)

H2O ⇝ H2O+, e-, H2O* → OH, H, e-, H2O2, H2, H+ (5)14

HNO3 + H → NO3
 + H2 (6)

HNO3 + OH → NO3
 + H2O (7)

HNO3 + H2O+ → NO3
 + H2O (8)15

The NO3
 radical is a reactive, oxidizing species that has received much attention due to its role in 

atmospheric chemistry,16,17 where it is produced by the reaction of atmospheric NO2 with O3. 

Atmospheric NO2 is largely present from the burning of biomass and fossil fuels, production by 

lightning, and due to soil microbial metabolism.18 The NO3
 radical is photolyzed back to NO2 in 

daylight but is an important intermediate in the nighttime atmosphere and is thus ubiquitous in the 

natural environment. The NO3
 radical reacts with organic compounds to produce nitro-derivatives 

in both the gas and aqueous phases. As such, a large body of its gas phase and aqueous condensed-
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phase kinetic data have been acquired. However, these data have only limited use in understanding 

reactions in the highly acidic solutions of nuclear fuel reprocessing.

Of more direct interest are kinetic studies for the NO3
 radical in irradiated nitric acid. For 

the higher concentrations of nitric acid used in most nuclear applications, it can be seen from 

Equation 7 that although radiolytically produced OH radical is produced in Equation 5, it is highly 

oxidizing and essentially quantitatively converted to NO3
, which therefore becomes the most 

important oxidizing reactive species in this system.  In previous work we found that NO3
 is 

relatively long-lived in water (1/2 ~ 50 s) and we measured its reactivity in pulse-irradiated 

5.0‒6.0 M HNO3 solutions.19 Horne et al., reported NO3
 reaction rate constants for a series of 

hydrophilic diglycolamides in irradiated aqueous neutral nitrate solution, which was performed to 

isolate radiolytic effects from acid hydrolysis.20  The latter study reported dose constants (kGy-1)21 

for ligand degradation and identified nitro-derivatives among the degradation products for steady-

state, gamma-irradiated solutions.

Under nuclear waste extraction process conditions, the organic phase itself will also contain 

nitric acid following contact with the aqueous phase and the acid may be present at fairly high 

concentrations, both as a complex with the neutral ligand and entrained in extracted water. For 

example, Ferraro et al., identified TBP/HNO3 solvates in octane22 and Horne et al., identified 

monoamide/HNO3 solvates in dodecane by IR analysis.23  Similarly, HNO3 complexes with the 

neutral organophosphorous extractant octylphenyl-(N,N-) diidobutylcarbamoylmethyl phosphine 

oxide (CMPO) have been identified by mass spectrometry,24,25 and are anticipated for other 

neutral, basic ligands as well.26,27 Bell et al., measured concentrations of extracted nitric acid in a 

TODGA/odorless kerosene solution that equaled the ligand concentration for contact with 3 M 

HNO3 solutions and exceeded the ligand concentration for contacts with higher acidity.28
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The radiolysis of nitric acid in the organic phase will also result in the formation and 

accumulation of NO3
 radicals, which can then react with ligand and diluent molecules to generate 

corresponding nitro-derivatives. These NO3
 reactions have not been previously investigated in 

liquid alkanes, due to the difficulty in finding a source of nitrate soluble in non-polar solution. It 

is known that NO3
 reactions are faster in less polar solvents, due to increased mobility in solutions 

of low dielectric strength.29 We have previously reported rate constants for this radical with organic 

solutes that are faster than aqueous for t-butanol, using the electron pulse radiolysis of 1.25 M 

tetrabutyl-ammonium nitrate and NH4NO3 solutions.19 In acetonitrile, the higher solubility of the 

anion of ceric ammonium nitrate, CeIV(NO3)6
2- allows for the use of laser photolysis to generate 

NO3
 radical directly, and extensive kinetic investigations of NO3

 with organophosphorous 

ligands have been reported in that medium.19,30 However, there are no reports concerning NO3
 

radical reactions in the alkane solutions of importance to nuclear fuel cycle solvent extraction 

separations. Thus, in this work we developed a method to generate, detect, and measure the 

reaction kinetics of alkane-phase NO3
 radical to better understand its effect on nuclear solvent 

extraction processes. The structures of the organophosphorous ligands used here are given in 

Figure 1, those of the amides are shown in Figure 2.
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Fig. 1 Structures of the neutral organophosphorous oxygen donors and the acidic HEH[EHP] ligands 

investigated in this study. Dominant reaction sites marked in red.
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Methods

Laser photolysis 

The reaction kinetics of NO3
 were measured using a pulsed exciplex laser (Lambda Physik XeCl* 

at 308 nm) at the Radiation Research Laboratory at the University of Notre Dame. The laser had 

a pulse energy of ~28 mJ, a pulse width of ~20 ns and was operated at a frequency of 1 Hz. The 

NO3
 radical has a characteristic strong absorbance at 620-640 nm31 with little variation in its 

absorption spectra for different solvents,19 making its detection straightforward. Experiments were 

conducted in 6-mm quartz flow cuvettes at room temperature (22 ± 2 oC). The laser flash photolysis 

of ceric ammonium nitrate (NH4)2CeIV(NO3)6 directly generated NO3
 in the organic phase: 30,32,33

[CeIV(NO3)6]2- + h → [CeIII(NO3)5]2- + NO3
 (9)

Sample preparation 

A stock solution of ceric ammonium nitrate in n-dodecane was prepared via solvent extraction. An 

aqueous phase was made by dissolving 4-8 mM ceric ammonium nitrate in 6 M HNO3. An organic 

phase composed of 48-60 mM TBP in n-dodecane was pre-washed thrice with 0.25 M Na2CO3 

and once with 0.1 M HNO3 at a 1:2 aqueous to organic ratio to remove any phosphoric acid 

impurities. Equal volumes of the aqueous and organic phases were then vigorously mixed for 5 

minutes in a separatory funnel.  After phase separation, the organic phase containing the extracted 

ceric ammonium nitrate was used to dilute the ligand in dodecane solutions to the desired ligand 

concentrations. Organic phase CAN concentrations were confirmed by ICP-MS measurements. 

Typically, 25 mL of each ligand solution was made, and gravity fed through the 6 x 10 mm flow 

cell at a rate sufficient to ensure that each kinetic measurement was performed on a fresh sample. 

Kinetic traces were the average of 4-16 individual pulses. 
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Materials

Unless otherwise indicated the solvent extraction ligands were obtained from on-hand stock at the 

Idaho National Laboratory and diluted directly in n-dodecane (Thermo Scientific, 99%). The 

neutral phosphoryl donors were 2.5‒10 mM dibutylbutylphosphonate (DBBP), 2.5‒10 mM tri-n-

butylphosphine oxide (TBPO) and 60‒150 mM tributylphosphate (TBP, Sigma-Aldrich, ≤ 99%). 

The neutral amidic donors were 0.1‒1.5 mM N,N,N’,N’-tetra-n-octyl-3-oxapentanediamide 

(TODGA), 0.1‒1.5 mM di-2-ethylhexylbutyramide (DEHBA), 2.5‒10 mM di-2-

ethylhexylisobutyramide (DEHiBA). Additionally, one acidic organophosphorus ligand was 

investigated, 2-ethylhexylphosphonic acid mono-2-ethylhexyl ester ((HEH[EHP]), Marshallton 

Research Laboratories, 98%), over the concentration range 0.2 ‒30 mM.  Its structure is also given 

in Figure 1. The following additional reagents, used without further purification, were nitric acid 

(HNO3, Sigma-Aldrich, 70 wt%), sodium carbonate (Na2CO3, BDH, ACS grade) and ceric 

ammonium nitrate ((NH4)2CeIV(NO3)6, Sigma-Aldrich, 99.99%). Aqueous solutions were 

prepared using deionized water (MilliQ, 18.2 MΩ-cm). 

Results and discussion

Because ceric ammonium nitrate is itself an oxidizing agent (+1.44 V vs SHE)34 we first 

investigated the possibility that it would thermally react with the organic solutions. Solutions of 

0.5‒10 mM ceric ammonium nitrate (CAN) in 50 mM TBP/n-dodecane were mixed in a 1:1 

volume ratio with 10 mM ligands in n-dodecane. The UV-visible spectra of these solutions showed 

< 10% change in CAN absorbance after 24 hours in the dark, indicating that its thermal reaction 

with the ligand would not be significant for the 1–2-hour timescales of the laser kinetic studies.
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Typical kinetics for the reactivity of the NO3
 radical, as measured at 640 nm, are shown 

in Figure 3a for the ligand DEHiBA. At higher ligand concentrations these pseudo-first-order 

decays became faster.  These measured decays were fit to a single-exponential decay function: 

𝐴𝑏𝑠 = 𝐴𝑏𝑠𝑜 ∗ 𝑒―𝑘′𝑡+ B (10)

where Abs is the measured absorbance at time t, Abso is the initial absorbance at time zero, B is a 

baseline adjustment parameter and k’ is the pseudo-first-order rate constant (s-1) for the NO3
 

reactivity. 

Our solution preparation of mixing ceric ammonium nitrate/TBP with different volumes of 

stock ligand solutions resulted in slightly different concentrations of ceric ammonium nitrate/TBP 

for each ligand concentration measurement. As such, the overall fitted k’ value was the sum 

reactivity of three separate reactions:

NO3
 + [CeIV(NO3)6]2-  → products (11)

NO3
  + TBP → products (12)

NO3
  + ligand → products (13)

with the overall pseudo-first-order rate constant at each ligand concentration being:

k’ = k11*[CeIV(NO3)6]2-] + k12*[TBP] + k13*[Ligand] (14)

To correct the fitted first-order k’ to find only k13 for the reaction of NO3
 with the ligands, the 

ceric ammonium nitrate concentration was varied from 8‒32 mM at a constant TBP concentration 

of 50 mM in dodecane, giving k11 = (2.18 ± 0.13) x 107 M-1s-1. Similarly, by varying the TBP 

concentration from 60–150 mM at a constant ceric ammonium nitrate concentration a value of k12 

= (1.17 ± 0.26) x 107 M-1s-1 was determined. These k11 and k12 rate constants were then used to 

correct all the other fitted k’ values for the different ligand concentrations. The blank (0 mM 

ligand) trace shown in Figure 3a, corresponds to the fitted value of k’ = (4.13 ± 0.06) x 105 s-1 in 
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Figure 3b. The values of k’ at other ligand concentrations were corrected using k11 and k12 as 

shown in Equation 14, and by then plotting the corrected k’ values as a function of ligand 

concentration, resulting in the second-order rate constant k13 = (7.98 ± 0.80) x 107 M-1s-1for 

DEHiBA, from the data shown in Figure 3. The second-order rate constants k for the reactions of 

NO3
 with all the species of this study are given in Table 1. 

Fig 3. (a) Kinetic traces measured at 640 nm for NO3
 reaction with 0‒10 mM DEHiBA, offset to aid 

clarity. (b) Linear fit of corrected pseudo first-order rate constant (k’) as a function of DEHiBA 

concentration, corresponding to a second-order rate constant k13 = (7.98 ±  0.80) x 107 M-1s-1.
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Table 1. Second-order rate constants (k) for the reaction of NO3
 with the compounds 

investigated in this study.
_____________________________________________________________________________________

       Ligand Rate Constant (M-1s-1)

______________________________________________________________________________

ceric ammonium nitrate (CAN) (2.18 ±  0.13) x 107

HEH[EHP] (1.56 ±  0.08) x 107

TBP (1.17 ±  0.26) x 107

DBBP (5.89 ±  0.55) x 107

TBPO (1.50 ±  0.14) x 108

TODGA (6.60 ±  0.50) x 108

DEHBA (3.87 ±  0.21) x 108

DEHiBA (7.98 ±  0.80) x 107

______________________________________________________________________________

The NO3
 radical exhibited the fastest reactivity with the amidic ligands in dodecane, with 

rate constants ranging from k = (7.98 ±  0.80) x 107 for DEHiBA to k = (6.60 ±  0.50) x 108 M-1 

s-1 for TODGA. By direct comparison of the structures of DEHBA and DEHiBA (see Figure 2) 

the factor of two increase in rate constant suggests that a dominant NO3
 mechanism is through H-

atom abstraction from the carbonyl-activated, adjacent, methylene (DEHBA) or amyl (DEHiBA) 

groups. This mechanism agrees with recent experimental measurements for the irradiation of pure 

DEHBA at 77K35, where Electron Paramagnetic Resonance (EPR) measurements determined that 

three carbon-centered radicals were formed. From spectral fitting/simulation and Density 

Functional Theory (DFT) calculations using the PRIRODA—04 program developed by Laikov36 

at the (B3LYP)/L1a_3 level of theory37,38 these radicals were identified as being immediately 

adjacent to the carbonyl group and N atom (total of ~89%) and in the aliphatic hexyl chains (~11%) 

within this molecule. 
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This proposed H-atom abstraction mechanism for NO3
 radical reaction is also consistent 

with the measured 8x faster rate constant for TODGA, where H-atom abstraction from the central 

methylene groups activated by the two amide functional groups in this molecule would be 

expected. Again, this mechanism is supported by both 77K EPR experiments and corresponding 

DFT calculations,35,39  where a similar mixture of three carbon-centered radicals is formed in this 

molecule (43% adjacent to the carbonyl group, 27% adjacent to the N atoms, and 30% in the outer 

aliphatic chains) under these frozen, pure-compound, conditions. Lastly, although the NO3
radical 

reaction with TODGA reaction has not been investigated in other organic media, Mezyk et al. 

reported a similar value of (4.27 ± 0.46) x 108 M-1s-1 in t-butanol for the similar diamide N,N’-

dimethyl-N,N’-dioctylhexylethoxymalonamide (DMDOHEMA),19 again indicating similar 

reactivity in both non-polar solvents. 

In contrast, the reactivity of NO3
 with the phosphorus-based ligand TBP in dodecane was 

found to be the slowest measured here, with k12 = (1.17 ±  0.26) x 107 M-1s-1. This result is very 

similar to that of the measured rate constant of (1.42 ±  0.09) x 107 M-1s-1
 previously reported by 

Mezyk et al. for nitrate radical reaction with TBP in t-butanol.19  However, the rate constants for 

the organophosphorus compounds of this study increased in the order: phosphate (TBP, ) < 

phosphonate (DBBP) < phosphine oxide (TBPO), inconsistent with only a H-atom abstraction 

mechanism occurring at the methylene groups immediately adjacent to the alkoxy O-atoms in these 

molecules. Recent DFT (Amsterdam Density Functional program40, BP86, def2-TZVP basis sets) 

calculations for TBP, DBBP and TBPO showed that the Mulliken electronic charges on the 

phosphorus atoms in the P=O bond also increased in this order, with calculated values of +0.82, 

+0.73 and +0.58, respectively.41 The oxygen atom in these bonds had a constant electronic charge 

of -0.51. This electron density on the basic phosphoryl oxygen not only gives phosphonates and 
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phosphine oxides their strong complexing ability for hard metal cations such as actinides and 

lanthanides. However, the increasing electron density at the phosphorus atom could also enhance 

the probability for a second electron abstraction mode of NO3
 reaction,

TBPO + NO3
 → [TBPO] + + NO3

- (16)

giving these ligands overall faster NO3
 reaction rate constants. While rate constants approaching 

the diffusion-controlled limit (ca. 1010 M-1 s-1 14) have been attributed to electron transfer 

reactions42 our slower values are consistent with the abstraction occurring from these relatively 

electron density positive phosphorus atoms. 

We previously reported that alcohols and alkanes have slower rate constants for the NO3
 

radical reaction than do aromatic compounds, indicative of H-atom abstraction reactions occurring 

for the alkanes.19 This finding is also consistent with the conclusions of He et al., who previously 

reported that NO3
 reacted by H-atom abstraction from the alkyl chains of TBP, citing as evidence 

the increasing rate constants for reaction with analogs of increasing alkyl chain length.30 However, 

our proposed additional mechanism for electron abstraction from the phosphorus atom is supported 

by previous kinetic measurements for aqueous hydroxyl (OH) radical reactions with a series of 

chemical warfare agent simulants where based on a Bronsted analysis of the kinetics and the pKa 

values for the non-ethoxy groups in these phosphonates the initial reaction was attributed to direct 

oxidation occurring at the phosphorus atom.43,44 

A phosphoric acid ligand, HEH[EHP] (see Figure 1), was also investigated in this study. 

Acidic extractants such as HEH[EHP] have found utility for the complexation of actinides and 

lanthanides in aqueous solutions of low acidity, such as are used for separating lanthanides into 

the organic phase while the actinides are retained in the aqueous phase by a soft-donor complexing 

agent.45 The HEH[EHP] was found to have a slow rate constant of (1.56 ±  0.08) x 107 M-1s-1, 
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reflecting both the lower electron density on its phosphoryl oxygen and the steric hindrance to H-

atom abstraction introduced by its branched alkane chains. In addition, at the ligand concentrations 

of 0.2‒30 mM used in these kinetic studies HEH[EHP] has been shown to dimerize to reduce the 

repulsion of the polar phosphate group in the non-polar medium, which would further hinder 

reaction of NO3
 radical with the central methylene groups or P atoms. Kimberlin and Nash 

reported the dimer association constant in n-dodecane to be K = 5500,46 which for our HEH[EHP] 

concentration range would correspond to a dimer fraction ranging from 25 to 47%. However, as 

no calculated electron charges for the (HEHEHP)2 dimer could be found in the literature we were 

unable to quantify the Mulliken value trend for the HEHEHP phosphorus atom in this group of 

ligands. 

Regardless of mechanistic considerations, all ligands investigated showed relatively slow 

rate constants relative to the diffusion-limited rate but certainly still high enough to have 

consequences under solvent extraction conditions. The reaction of NO3
 with dodecane was 

reported to have a slow bimolecular-rate constant of (6.45 ±  0.33) x 106 M-1s-1 in t-butanol,19 and 

presumably has a similar slow rate constant in concentrated (4.4 M) dodecane solution. Therefore, 

even millimolar ligand concentrations are expected to compete for produced NO3
 in dodecane 

solution. For example, given a typical process concentration of 200 mM TODGA in dodecane,47 a 

relative rates analysis indicates that the TODGA will scavenge up to 80% of produced NO3
, 

resulting in decreasing ligand concentrations and the production of ligand oxidation products. 

Continued investigations of these kinetics are warranted to acquire the data necessary to model the 

radiation chemistry of dodecane solutions.
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Conclusions:

These first-ever reported bimolecular rate constants for the reaction of the NO3
 radical in 

dodecane solution indicate rates fast enough to result in significant oxidation for the ligand 

concentrations used in nuclear solvent extraction applications. For neutral organophosphorous 

ligands, the rates increased with increasing O-donor basicity, reflecting an increasing contribution 

of electron transfer over H-atom abstraction reactions. For the acidic organophosphorous ligand 

measured the rates were slow, probably mostly because of its known dimerization at the 

investigated concentrations. The amidic ligands had overall higher reaction rates, again reflecting 

an increased contribution for electron transfer reactions. Oxidation of ligands by NO3
 radical will 

result in decreases in ligand concentration and nitration of ligand molecules, with attendant effects 

of separation efficiency for actinide and lanthanide ions. The rate constants measured here in 

dodecane will be among important data needed to model the radiolysis reactions in the organic 

phase for nuclear solvent extraction. 
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