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Introduction 
Tributyl phosphate (TBP) is an important component in nuclear waste separation processes that has been used in nuclear 
projects since the Manhattan Project.1 These processes use TBP dissolved in an alkane solution to extract uranium and plutonium 
from an aqueous acidic solution of dissolved fuel. Therefore, it is important to understand the radiolytic degradation pathways 
of TBP, since it absorbs high doses of ionizing radiation during the separation process. 
 
Data and Results 
The spin-trapped method allows for the identification of short-lived TBP radicals as spin-trap adducts. A spin trap, N-tert-butyl-
α-phenylnitrone (PBN), was dissolved in TBP at various concentrations (2 mM, 10 mM, and 40 mM). To estimate the radiation-
chemical yield (G-value) of TBP radicals, we measured the EPR kinetics in situ upon X-ray irradiation of TBP solutions with PBN. 
Figure 1 below shows the EPR spectra results of the experiments. Fricke dosimetry was performed to estimate a dose rate using 
iron (II) sulfate heptahydrate in sulfuric acid with thiocyanide, and the dose rate was calculated to be 211 mGy/s. After PBN was 
dissolved in TBP and saturated with argon, the solution was placed in BLAUBRAND® disposable micropipettes and sealed with 
hot glue to ensure no oxygen could penetrate the solution and reduce the signal. Using a Spellman DF3 high-voltage power 
supply (50 kV, 30 mA) and Thales THX X-rays, the solutions were irradiated. EPR spectra were measured using Bruker EMXplus 
spectrometer in X-band with ER4119HS standard resonator. This experiment produced spin adducts with α(N) = 13.6 G and α(H) 
= 1.8 G, which corresponds to alkyl TBP radicals. Signals from H-trapped adducts were noticeably lacking from the spectra, 
indicating PBN traps mainly alkyl radicals from TBP.  
 
 



 
Figure 1. EPR spectra of X-rays irradiated PBN in TBP 

 
 
The efficiency of TBP radiolysis was evaluated by measuring the G-value of radicals formed. The G-value derived from the 
experimental accumulation curves is related to spin-trapped adducts (PBN-TBP•). Figure 2 shows the spin adduct (PBN-TBP•) 
accumulation curves for 2 mM, 10 mM, and 40 mM PBN in TBP.  

 

Figure 2. Formation curves of PBN-TBP adducts for 2 mM, 10 mM, and 40 mM PBN in TBP. 
Reaction rate constants from fitting shown in the figure with color code. 

The corresponding G-value for the formation of TBP-derived radicals was 2.18 mol/J at room temperature. Previously, it was 
reported that the G-values of alkane-derived radicals from C5 – C9 hydrocarbons at room temperature, measured using the same 
approach, are in the range of 1-2 mol/J,2 which agrees with our present results. 
 
For low-temperature EPR experiments, TBP was degassed using a Freeze-Pump-Thaw method on a Schlenk line, sealed under 
vacuum, and frozen in liquid nitrogen. The frozen samples were then irradiated with ca. 15 ns 8 MeV electron pulses from an 
electron linear accelerator. After irradiating, the samples were placed in a Dewar flask filled with liquid nitrogen, and the EPR 
spectra were acquired at 77K, seen in Figure 3 below. The six lines of the spectra are consistent with previous literature values.3, 

4, 5 Irradiation of solid organic compounds at 77 K usually leads to the formation of H-abstraction radicals.  



 
Figure 3. EPR spectra of irradiated TBP at 77 K. Fitting parameters: R2 - 58%, g = 2.002, a(1αH) = 22.6G, a(4βH) = 28.9, 22.7, 

27.2, 11.1G; R3 - 20%, g = 2.0019, a(1αH) = 21.3G, a(5βH) = 24.9, 24.1, 22.5, 21.5, 4.4G. 
 
The resulting spectra from irradiated TBP at 77 K were initially thought to be a combination of four different alkyl radicals (R1-
R4, shown in Figure 4) derived from TBP during irradiation at different carbon atoms (C1-C4) in the alkyl chain. After careful 
spectrum processing, the simulated spectrum was fitted as a combination of R2 (58%) and R3 (20%). 

 
Figure 4. Structures of possible TBP-derived radicals 

 
The last attempted experiment was to examine the radicals produced by TBP when it was mixed with n-dodecane at 77 K, as the 
PUREX process uses a TBP in kerosene solution to extract uranium and plutonium from spent nuclear fuel. Though samples were 
degassed and sealed under vacuum, the low-temperature EPR experiment showed an accumulation of additional n-dodecane 
radicals together with TBP radicals. Figure 5 below shows the comparison of the n-dodecane and TBP in n-dodecane spectra. 



There are eight peaks total on the TBP in n-dodecane spectra, which is two more than that in the n-dodecane or TBP spectra. 
We also noticed that the EPR pattern and intensity change with and without the addition of TBP. We plan to continue our work 
on this experiment to quantitatively compare the yield of TBP radicals in solvent.  

 
Figure 5. TBP in n-dodecane at 77 K 

 
Conclusions 
In this work, a systematic investigation of radicals derived from TBP was performed. The efficiency of radiation-induced radical 
formation at room temperature was for the first time evaluated by the PBN spin-trapping approach. The corresponding G-value 
for TBP• is 2.18 mol/J, which is in reasonable agreement with literature data for alkanes at the same conditions.  
The recorded EPR spectrum of neat TBP irradiated at 77 K displays signals from alkyl radicals in accordance with previous findings. 
Careful analysis of the spectrum indicates the main contribution of the carbon-centered radical with four beta-protons and one 
alpha-proton, formed upon H-abstraction from one of the two middle methylene groups of TBP. Thus, one can conclude that 
the EPR spectrum of irradiated TBP at 77 K corresponds to the conformer A of R2 TBP radical. 
The results obtained are of great importance for the radiation chemistry of TBP for nuclear waste separation. These data make 
it possible to estimate the radiation resistance and determine the structure of radical conformers induced by irradiation with X-
ray or electron beams.   
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➢ PUREX process – nuclear waste separation technique using tributyl 

phosphate (TBP) in kerosene solution to extract U and Pu from spent 

nuclear fuel

➢ TBP absorbs high doses of ionizing radiation during the separation 

process

➢ We capture TBP-derived radicals using both room-temperature spin-

trapped and low-temperature electron paramagnetic resonance EPR 

spectroscopies
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TBP at 77 K

N-tert-butyl-α-phenylnitrone (PBN) in TBP

TBP in n-dodecane at 77 K

Conclusion

Introduction Kinetics of PBN in TBP

• TBP samples were degassed using Freeze-Pump-Thaw and sealed

 under a vacuum in quartz tubes

• Samples were irradiated by 8 MeV electron linear accelerator at 77 K, 

the absorbed dose was ~180 Gy (1 Gy = J/kg)

• EPR spectra were recorded at 77 K in Dewar flask on an EMXplus

Bruker spectrometer

✓ EPR spectra of PBN-TBP• spin adducts are characterized by 

a(14N) = 13.6 G and a(1H) = 1.8 G that correspond to carbon-centered 

alkyl radicals

✓ Radiation-chemical yield for TBP radicals is 2.18 mol/J

at room temperature

✓ Low-temperature EPR experiments confirmed the formation of R2 and 

R3 alkyl radicals derived from TBP after irradiation

• PBN solutions in TBP were saturated with Ar, placed in micropipettes, 

and sealed 

• In situ irradiation was carried out with a Thales THX 160 X-ray tube 

in EPR cavity

• The dose rate measured by Fricke dosimetry using iron (II) sulfate 

heptahydrate in sulfuric acid yielded 211 mGy/s

Figure 1. Experimental and simulated EPR spectra of irradiated TBP at 77 K

Figure 3. TBP in n-dodecane at 77 K

• In n-dodecane solution, the EPR spectra show the accumulation of 

additional n-dodecane radicals together with those from TBP

• EPR pattern and intensity change with and without the addition of TBP

Figure 4. EPR spectra of X-rays irradiated PBN in TBPFigure 2. Structures of possible TBP-derived radicals

• Equations 1-3: simplest 

depictions of formation and 

decay of spin adducts

• Equations 4-5: show pseudo-

first order steady-state kinetics 

simplification

• Equations 6-7: system of 

equations to express G-value

Figure 5. Formation curves of PBN-TBP adducts. Reaction rate constants from 

fitting 2 mM, 10 mM, 40 mM shown in the figure with color code

R2 - 58%, g = 2.002, a(1αH) = 22.6G, 

a(4βH) = 28.9, 22.7, 27.2, 11.1G;

R3 - 20%, g = 2.0019, a(1αH) = 21.3G, 

a(5βH) = 24.9, 24.1, 22.5, 21.5, 4.4G 
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