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Picosecond time-resolved investigation of NO3
� in

PUREX solvent

Amel Zorai, *a Daniel Adjei, a Mireille Benoı̂t,a Sergey Denisov, a

Philippe Moisy, b Jacqueline Belloni a and Mehran Mostafavi *a

The early phenomena induced by the irradiation of solvents used in the PUREX process are investigated

using picosecond electron pulse radiolysis. Various concentrations of solvent components – namely

nitric acid (HNO3), tributyl phosphate (TBP), dodecane, and, to a lesser extent, water are studied, in

absence of the spent nuclear fuel. The transient optical absorption spectra at 5 ps constitute of the

spectra of solvated electron in TBP and NO3
� radical, characterized by absorption band with maxima at

640 nm and 670 nm, as well as a band at 440 nm. The yield of each species is determined. While the

concentrations of HNO3 and TBP of the environments exhibit opposing trends, the highest NO3
� yield is

recorded in a solution of 1.9 M HNO3/3.3 M TBP/0.8 M H2O (GTotal(NO3
�) = 3.2 � 10�7 mol J�1). This

yield arises from both the direct radiolytic effect on HNO3 and the ultrafast indirect effect of energy

transfer—via excitation and ionization—from TBP and H2O to HNO3, which act as the primary precursors

of NO3
�. Replacement of part of TBP by dodecane has little influence because they behave similarly.

Despite the complexity of the system, the partial dose absorbed by each component is used to unravel

the mechanism of NO3
� formation and yields corresponding to direct and indirect effects across the

range of concentrations studied. Interestingly, at highest HNO3 concentration the absorbance and yield

of NO3
� is lower. At longer time within a few hundred nanoseconds, the decay of the NO3

� radical fol-

lows pseudo-first-order kinetics and it is attributed to a hydrogen-atom transfer from TBP and dodecane

to NO3
�. But the rate constant of this reaction is very low (0.9 � 106 L mol�1 s�1) and, if the spent fuel

were present, the oxidation by NO3
� of uranium and plutonium ions would be expected to be

predominant.

Introduction

The PUREX process is the cornerstone of modern nuclear fuel
reprocessing, designed to recover valuable fissile materials,
primarily uranium and plutonium, from spent nuclear fuel.
This process operates in a highly complex chemical environ-
ment, further complicated by the intense internal irradiation
from radionuclides, which introduces unique physical chemis-
try challenges.1,2

A critical component of the PUREX process is nitric acid
(HNO3), which serves two essential functions: it dissolves the
spent fuel and regulates the redox potential of the solution; and
also plays a pivotal role in separation chemistry by facilitating
the formation of extractable neutral complexes, such as U(VI)
(UO2(NO3)2) and Pu(IV) (Pu(NO3)4). Tri-n-butyl phosphate (TBP),

used as an extractant diluted in alkane at 30% (vol), is particu-
larly effective because it can extract these neutral complexes, as
well as molecular nitric acid and water, into the organic phase.
The PUREX process efficiently separates uranium and pluto-
nium from the fission products generated during nuclear
reactions.3 However, its defining characteristic is that all reac-
tions occur simultaneously with intense auto-radiolysis of the
medium, driven by the highly radioactive elements present.

The spent nuclear fuel being radioactive, the solvent used
for the extraction of uranium and plutonium during the PUREX
process is subjected to some radiolytic degradation. Conse-
quently, the irradiation impact on nitric acid and TBP solutions
not only challenges the stability and effective performance of
the PUREX process, but also underscores the need to control
radiolytic effects to ensure efficient nuclear fuel reprocessing.

Understanding how radiation affects these chemical systems
is crucial for optimizing the PUREX process and ensuring the
long-term sustainability of nuclear fuel management. The
amplitude and mechanism of such degradation have been
investigated separately on each component of the medium.
Previous pulse radiolysis studies have examined the influence
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of radiation on either neat nitric acid or TBP separately. That
was for the first time, the formation of the nitrate radical NO3

�

was observed using picosecond pulse radiolysis of concentrated
aqueous nitric acid solutions.4–9 The radical yield was found to
vary with acid concentration, suggesting that both direct ioni-
zation and indirect formation by positive hole H2O+� trapping
by NO3

� contribute to the radical formation during the electron
pulse. Subsequent studies confirmed that NO3

� formation in
aqueous nitric acid under ionizing radiation is primarily driven
by direct effects and rapid electron transfer, with additional
contributions from OH� radical reactions over longer time-
scales and at elevated temperature.10,11 Investigations into the
ultrafast radiolytic behavior of neat TBP identified key transient
species, such as the TBP-solvated electron (e�TBP) and the triplet
excited state (3TBP*).12 Another study emphasized that water
molecules preferentially solvate and stabilize excess electrons,
potentially influencing electron-induced dealkylation during
actinide separation.13

However, the behavior of the nitrate radical in the TBP or
TBP/dodecane organic phases remains unexplored. This study
aims to investigate the formation and decay of NO3

�, whose
properties are expected to significantly influence the extraction
reactions of uranium and plutonium in the PUREX process. The
aim of this study is to determine, despite the complexity of the
environment containing undissociated nitric acid, TBP, dodecane
and water, the relative contributions of direct and indirect radia-
tion effects leading to the formation of NO3

�. Notably, the
solutions used here are close models of the PUREX environment,
but they are free of radioactive elements and therefore auto-
radiolysis is not expected. Instead, the solutions are irradiated
using an external picosecond electron beam source.

Experimental methods
Preparation of mixtures

The properties of HNO3 are: MW = 63 g mol�1 (neat HNO3

concentration = 15.68 M), rHNO3
= 1.4 g mL�1, pKa = �1.37, of

TBP (C12H27PO4) are: MW = 266 g mol�1, rTBP = 0.972 g mL�1,
with a dielectric constant around 9 at 25 1C, and of dodecane
(C12H26) are: MW = 170.3 g mol�1, r(C12H26) = 0.745 g mL�1,
dielectric constant E 3.14 TBP and dodecane are slightly polar
solvents. High-purity TBP (Z99%) and dodecane (Z99%) were
purchased from Sigma Aldrich. Nitric acid (469%) was pur-
chased from Fischer Scientific. Two protocols were applied to
prepare series of nitric acid solutions similar to the organic
phase immediately after extraction as used in the PUREX
process, one with TBP, the other one with TBP and dodecane.

Series 1. Using the liquid–liquid extraction method, a
volume of 100 mL of TBP was brought into contact with 100
mL of deionized water at room temperature. An identical
procedure was followed for contacting 100 mL of TBP with
100 mL of nitric acid (469%), TBP immediately turned to
yellow (Fig. SI 1) due to the formation of nitrogen dioxide
(NO2) and mostly dibutyl phosphate (HDBP) and monobutyl-
phosphate (H2MBP).15–17

These procedures were repeated three times to ensure
complete contact between TBP and both water and nitric acid.
The organic TBP solutions obtained after this separation (corres-
ponding to the PUREX extraction) were used for subsequent
dilutions. Six organic solutions with various nitric acid concentra-
tions [HNO3] were prepared, in particular at 4.5 M that is inter-
mediate in the range of 3–6 M used in the PUREX process. The final
water concentration [H2O] was at 0.8 or 1.5 M. These concentrations
were based on findings from the referenced paper.18 The final
concentrations of the different reagents are summarized in Table SI
1. Only a very small part of nitric acid is dissociated into NO3

�

nitrate and H3O+, because of the low TBP and dodecane dielectric
constants and of the low water concentration.

Series 2 involves diluting TBP in an organic solvent, with
dodecane selected for this purpose. A 100 mL sample of TBP
was contacted with 100 mL of nitric acid. The extracted solution
was then combined with varying amounts of pure TBP and
dodecane. Dodecane was chosen as the organic diluent due to
its inert nature and compatibility with TBP in the PUREX
process. As a hydrocarbon, dodecane is chemically stable,
non-reactive with nitric acid or TBP, and crucially, it remains
unreactive under irradiation.19 Additionally, its low polarity
ensures that it efficiently separates the aqueous and organic
phases without interfering with the extraction process. This
allows for better control over the distribution of nitric acid and
TBP, enabling accurate adjustments in concentration and
facilitating the study of extraction dynamics.20 Water and nitric
acid concentrations were maintained constant.

The concentration of nitric acid was determined according
to the previously described method, and that of water by using
the Karl Fischer coulometric titration.18 That of TBP without
dodecane was obtained from the complementary volume or
with dodecane from initial amounts before extraction.

Pulse radiolysis measurements

Ultra-short electron pulses with a typical width of 5–10 ps are
produced by the ELYSE platform based on excitation of a CsTe
photocathode using a femtosecond laser pulses at the fre-
quency of 5 Hz.21,22

The sample optical cells, made of synthetic fused silica, have
optical path length l = 0.5 cm. They have 200 mm thick optical
windows to minimize contributions from transient species
generated in the quartz cell by the electron beam.

For picosecond pump–probe experiments using optical
absorption, the broad band from 355 to 750 nm is generated
by focusing part of the fundamental laser beam into a CaF2

crystal, and is split 60/40 into probe and reference paths. Both
beams are coupled into optical fibers and sent to a spectro-
meter for analysis using a cooled CCD camera.

For the detection of the optical absorption signals of tran-
sient species in the picosecond to microsecond range, the
probe beam is provided by a home-made repetitive lamp and
analyzed by a streak camera. The signal absorbances measured
may be as low as a few %.

The reference dose Dw was determined from the absorbance at
640 nm of the hydrated electron in neat water.22 The doses
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absorbed by each component of HNO3/TBP/H2O/C12H26 solutions
were calculated by considering their specific electronic density
(Tables SI 1 and SI 3). The calculated doses (in J L�1) absorbed by
HNO3, TBP, H2O, C12H26, and the corresponding dose fractions f
of the total dose are given for the various dose fractions f of the
total dose are given for the various concentrations in Fig. 1(a), (b),
and Tables SI 1 and SI 3 according to the following equations:

f (HNO3) = Dose(HNO3)/Total dose (1)

f (HNO3) + f (TBP) + f (H2O) + f (C12H26) = 1 (2)

Results and discussions

The spectra-kinetics data constitute a large matrix of data for the
absorbance at different times and at different wavelengths.
The experiments have been twice repeated. Remarkably, despite

the low values of the measured absorbances, the uncertainty on
their average values is less than �5%.

The time-evolution of the transient optical absorption spec-
tra is presented in Fig. 2 for the HNO3 concentrations of 0.5,
1.9, and 4.5 M.

In solution containing 4.5 M HNO3, the band with peaks at
640 and 670 nm (Fig. 2(c)) correspond fairly well to the radical
NO3

�. However, a very weak absorbance of another species is
also observed around 440 nm.

The initial spectra at 5 ps for 0.5 and 1.9 M HNO3 (Fig. 2(a)
and (b)) are more complex because around 640 nm the shape
differs from the radical NO3

� spectrum. Additionally, an
absorption band is also observed around 440 nm and another
one in the range 700–780 nm, increases to the near infrared
where the NO3

� radical does not absorb (Fig. 2). It is assigned to
e�TBP.12

Fig. 3 presents the kinetics at the wavelengths 440, 640 and
780 nm for the medium with 1.9 M HNO3/3.3 M TBP/0.8 M H2O.
Clearly, the rate differences in the decays at these wavelengths
(Fig. 3) indicate that three distinct species are early induced by
the ultra-short pulse. Note that in neat TBP (HNO3 free)12 the
observed transient spectra are initially constituted of the very
intense e�TBP spectrum (e(e�TBP)780nm = 9800 L mol�1 cm�1).12 It
overlaps the much weaker band of the longer lived excited state
TBP* which is observed alone only in the nanosecond range.

In 0.5 and 1.9 M HNO3 solutions, the band present in near
infrared, where NO3

� does not absorb, is thus assigned to the
electron solvate in TBP as the major component, e�TBP. The
absorbance around 640 nm, typically observed in 4.5 M HNO3

environment is assigned to NO3
�.

The 440 nm band, though absorbing in the same range as
the less intense one observed in neat TBP,12 belongs to a
different species which will be discussed further.

Note that the e�solv spectrum extends also in the visible range
down to 400 nm and that it overlaps both other bands.

Primary radiation effects on the components

The radiation energy absorbed within the pulse by the electrons
of the molecules constituting the mixture is responsible for the
species formation. The major part of it is absorbed by the TBP.
However, some fraction is also directly absorbed by the other
components HNO3 and H2O, proportionally to their electronic
density that increases with their concentration (Fig. 1 and Table
SI 1). Therefore, the four components of the medium are
directly excited and ionized by their irradiation partial dose,
as in neat nitric acid,11 TBP,12 water,23 and dodecane:14

HNO3 HNO3
�, HNO3

+� + e� (3)

TBP TBP*, TBP+� + e� (4)

Note that in neat TBP (HNO3 free) the observed transient spectra
are initially constituted of the very intense e�TBP spectrum
(e(e�TBP)780nm = 9800 L mol�1 cm�1).12 It overlaps the much weak
band of the longer-lived excited state TBP* which is observed
alone only in the nanosecond range.

H2O H2O*, H2O+� + e� (5)

Fig. 1 (a) Dependence of fractions f of the total doses absorbed by each
component TBP, HNO3 or H2O on the HNO3 concentration in the
environment without dodecane. (b) Dependence of fractions f of the total
doses absorbed by the components on the dodecane concentration
([HNO3] = 2.5 M and [H2O] = 1.5 M are constant).
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C12H26 C12H26*, C12H26
+� + e� (6)

e�- e�solv (7)

Deconvolution of the optical absorption spectrum at 5 ps

The spectral shape/intensity of the early radiation-induced
short-lived species in the solutions with 0.5 and 1.9 M HNO3,
must be first quantitatively separated in order to allow their
shape and yield determination.

In solutions either with 0.5 and 1.9 M HNO3, the absor-
bances due to e�TBP, A(e�TBP)5ps, are obtained at 780 nm (where it
alone absorbs), from initial values in kinetics (Fig. 3 and Table
SI 2). Then the corresponding partial absorbances of e�TBP at 640
and 440 nm are derived from its known absorption spectrum,12

normalized at the 780 nm values (Table SI 2). The absorbances

of the other band at 440 and 640 nm are obtained separately by
subtraction of A(e�TBP)5ps from the measured total absorbances
(Table SI 2).

A complete and quantitative deconvolution of the measured
spectrum at 5 ps for the 1.9 M HNO3 solution is presented in
Fig. 4. The e�TBP spectrum is obtained by a normalization of the
published spectrum at A(e�TBP)5ps,780nm = 0.012 (Table SI 2 and
Fig. 4). The NO3

� spectrum is determined via the normalization
at the maximum value of A(NO3

�)5ps,640nm = ATotal,5ps,640nm �
A(e�TBP)5ps,640nm = 0.0213 (Table SI 2 and Table 1, Fig. 4).

Finally, the 440 nm band is obtained from the difference
between the overall measured spectrum and those of e�TBP and
of the NO3

� radical (Fig. 4). The end-of-pulse absorbance values
at 440 nm are given in Table SI 2. Note that the maximum
wavelength of the total absorbance is slightly shifted in time
from 440 to 450 nm when the part due to e�solv vanishes.

Fig. 2 Time evolution since 5 ps of transient optical absorption spectra of irradiated organic media. (a) 0.5 M HNO3/3.5 M TBP/0.8 M H2O. (b) 1.9 M
HNO3/3.3 M TB/0.8 M H2O. (c) 4.5 M HNO3/2.7 M TBP/1.5 M H2O. Dose per pulse is Dw = 100 Gy and Optical path l = 0.5 cm.

Fig. 3 Kinetics at 440, 640, 780 nm for 1.9 M HNO3/3.3 M TBP/0.8 M
H2O. Dose per pulse is Dw = 100 Gy. Optical path l = 0.5 cm.

Fig. 4 Deconvolution of the observed spectrum at 5 ps for solution contain-
ing 1.9 M HNO3 (Fig. 2) into the transient spectra of e�TBP, NO3

� and the 440 nm
band, in the range of 400 to 650 nm. Optical path l = 0.5 cm.
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Though all three spectra overlap, particularly that of e�TBP in
the whole visible domain, the spectra of the 640 and 440 nm
bands do not overlap each other at their respective maxima.

The radiolytic initial yield G(e�TBP) = A(e�TBP)5ps,780nm/
(l � e(e�TBP) � Dose) is very low and decreases from 0.35 �
10�7 mol J�1 at 0.5 M HNO3 to 0.24 � 10�7 mol J�1 at 1.9 M
HNO3 and 0 at 4.5 M HNO3 (Fig. 3 and Table 1), as compared to
the value of 1.6 � 10�7 mol J�1 at 5 ps in neat TBP.12 In fact, the
reactions of solvated electrons with HNO3/NO3

� are very fast
and e�solv is mostly scavenged within the pulse:

e�solv + HNO3 (NO3
�) - HNO3

��(NO3
2��) (8)

Radical NO3
� yields

The NO3
� absorbance values at 5 ps and 640 nm A640(NO3

�) =
A640(measured) � A640(e�TBP) (Table SI 2 and Fig. 4) and the
corresponding concentrations (with e640 = 1350 L mol�1 cm�1

and e670 = 1080 L mol�1 cm�1)8 are given in Table 1.
The specific formation processes of the radical NO3

� result
in part from the direct-effect of the radiation absorption by
HNO3 (reaction (1)) and the fast dissociation of HNO3* and
HNO3

+� (reactions (9)–(11)), that are expected to increase pro-
portionally to the partial dose absorbed by HNO3 or (NO3

�)
(Table SI 1):

HNO3* - NO3
� + H� (9)

A small part of HNO3* may be decomposed also:

HNO3* - NO2 + �O� (10)

HNO3
+� - NO3

� + H+ (11)

However, the part of the dose f (HNO3) directly absorbed by HNO3

in reaction (3), proportionally to its concentration (Table SI 1 and
Fig. 1(a)) is too small to account alone for the NO3

� absorbance
values observed at 5 ps as given in Fig. 4 and Table 1.

Each component of the medium also absorbs directly radia-
tion depending on its electron fraction (Fig. 1 and Table SI 1).
The primary species concentrations are proportional to these
fractions f. The NO3

� radical may be also induced by the
ultrafast excitation energy or charge transfer from the primary
radiolytic species of the other components, i.e. TBP and H2O

induced by the respective partial dose (Table SI 1) as indirect
effects.

HNO3 + TBP* - HNO3* + TBP - NO3
� + H� + TBP (12)

HNO3 + TBP+� - HNO3
+� + TBP - NO3

� + H+ + TBP (13)

In presence of dodecane, similar transfers occur:

HNO3 + C12H26* - HNO3* + C12H26 - NO3
� + H� + C12H26

(14)

HNO3 + C12H26
+�- HNO3

+� + C12H26 - NO3
� + H+ + C12H26

(15)

Though the contribution of H2O, factor f (H2O), is almost
negligible, according to the radiolysis study of concentrated
aqueous solutions of HNO3 (TBP free),24 it has been demon-
strated that the excitation energy absorbed by H2O is also
transferred to HNO3:

HNO3 + H2O* - HNO3* + H2O - NO3
� + H� + H2O (16)

Moreover, in these solutions,11 the NO3
� radical is indirectly

produced after the pulse by H atom transfer from HNO3 to the
radical OH� issued from the reactions (15) and (16):

H2O+� + H2O - OH� + H3O+ (17)

HNO3 + OH� - NO3
� + H2O (18)

This slower process is not observed in presence of TBP,
suggesting that the OH� radical is rapidly scavenged by TBP
as the predominant component:

TBP + OH� - TBP(–H)� + H2O (19)

The total yield GTotal(NO3
�) for the various environments are

obtained (Table 1) as the ratios between the values of the [NO3
�]

concentration and the total dose absorbed by allotment the
components (Table SI 1). It is an overall value including direct
and indirect effects, characterized by specific yields (Table 1):

G(NO3
�)Total = f (NO3

�) � G(NO3
�)Direct + f (TBP) � G(NO3

�)IndirectTBP

+ f (C12H26) � G(NO3
�)IndirectC12H26

+ f (H2O) � G(NO3
�)IndirectH2O (20)

However, the dose fraction f (H2O) is very small (r1.5%)
(Tables SI 1 and SI 3) and processes involving water species
are negligible.

We may first remark that the value of GTotal(NO3
�) = 3.2 �

10�7 mol J�1 for the intermediate concentration 1.9 M HNO3 is
the largest (Table 1). An excitation yield is certainly involved to
account for the measured yield. Considering the opposite
variations of the doses absorbed by HNO3 and TBP (Fig. 1(a)),
the sum of the direct and indirect effects is the most favored for
the medium 1.9 M HNO3/3.3 M TBP. The solvated electron yield
G(e�solv) = 0.35 and 0.24 � 10�7 mol J�1 at 5 ps, for 0.5 and 1.9 M
HNO3 respectively, is obtained (Table 1) with e(e�TBP)780nm =
9800 L mol�1 cm�1.12 The values are much lower than 1.6 �
10�7 mol J�1 at 7 ps in neat TBP,12 or than the ionization yields
in polar liquid,25 because the solvated electrons are scavenged
by the nitric acid.

Table 1 Dependence on the HNO3, TBP, H2O concentrations (dose
fraction f ) of the NO3

� absorbance at 640 nm (0.5 cm) and yields arising
from irradiation direct and indirect effects

[HNO3] (M), ( f ) 0.5, (0.029) 1.9, (0.11) 4.5, (0.25)
[TBP] (M), ( f ) 3.5, (0.955) 3.3, (0.875) 2.84, (0.726)
[H2O] (M), ( f ) 0.8, (0.015) 0.8, (0.015) 1.5, (0.025)
A780 (e�)TBP (0.5 cm), at 5 ps 0.017 0.012 0
G(e�)TBP (10�7 mol J�1) at 5 ps 0.35 0.24 0
A640(NO3

�) (0.5 cm) at 5 ps 0.016 00213 0.018
G(NO3

�)Total (10�7 mol J�1) at 5 ps 2.47 3.2 2.7
G(NO3

�)Direct (10�7 mol J�1) at 5 ps 3.4 3.4 3.4
A640(NO3

�) Direct effect at 5 ps 0.00064 0.00247 0.0058
A640(NO3

�) Indirect effect at 5 ps 0.0154 0.0189 0.0122
G(NO3

�)Indirect (10�7 mol J�1) at 5 ps 2.4 3.17 2.46
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Direct effects

The parts of direct and indirect effects have been already
evaluated separately in highly concentrated aqueous HNO3

solutions and in neat HNO3.11 The NO3
� yield of direct effects

of excitation and ionization on neat HNO3 is G(NO3
�) = 3.4 �

10�7 mol J�1,11 and the same value is taken for HNO3 in TBP
solutions (Table 1). The corresponding absorbances are propor-
tional to the partial dose absorbed by HNO3 (Table 1 and Fig. 5).

Indirect effects

Note that the indirect effects yields G(NO3
�)Indirect in Table 1 are

relative to the effects together from TBP and H2O radiolytic
species. The absorbances A640(NO3

�)Indirect are obtained from the
difference A640(NO3

�)Total � A640(NO3
�)Direct (Table 1 and Fig. 5).

Contrarily to G(NO3
�)Direct, the yields G(NO3

�)Indirect are not
constant and do depend on the medium composition. The yields
of indirect effects on HNO3 arise first from irradiation reactions
(4) and (5) of TBP or H2O with a constant yield. But these
reactions are followed by partial transfer via reactions (12) and
(13) with a ratio depending on competitive processes in the
medium. Namely, the yield G(NO3

�)Indirect increases between
[HNO3] = 0.5 and 1.9 M because of the increasing competition
of the transfer reaction (13) much favored than the reaction (19):

TBP+� + TBP - TBP + TBP(–H)� + H+ (21)

Despite the HNO3 concentration increase by a 3.8 factor
between 0.5 and 1.9 M, the yield increase is only from 2.4 to
3.17 � 10�7 mol J�1 (Table 1), and we may consider that the
transfer is almost complete in 1.9 M solution.

However, in 4.5 M HNO3/2.8 M TBP/1.5 M H2O, the indirect
yield decrease drastically down to G(NO3

�)Indirect = 2.46 �
10�7 mol J�1 (Table 1). At this high HNO3 concentration, not
only e�solv is totally scavenged by HNO3 (reaction (8)), but also a
part of its presolvated precursor e� is scavenged:

e� + HNO3(NO3
�) - HNO3

��(NO3
�)� (22)

Reaction (22) is favored by the high value of the ratio 4.5 M
HNO3/2.8 M TBP. This reaction of electron attachment on
HNO3 (NO3

�) is in competition25 with reaction (7) of electron
solvation in TBP and with reaction (21) inducing the formation
of part of the singlet excited state 1TBP*:

e� + TBP+� - 1TBP* (23)

Thus, part of 1TBP* as precursor of NO3
� via reaction (12) is

lost. Actually, the cations TBP+� escaping from the recombina-
tion (23) are less efficient than 1TBP* to induce NO3

� because
the ionization transfer (13) is itself in competition with a partial
transfer towards TBP (reaction (21)) or H2O via reaction (24), so
depleting the G(NO3

�)Indirect yield between 1.9 and 4.5 M HNO3:

H2O + TBP�+ - H2O+� + TBP (24)

Note that, when comparing these results in TBP solutions with
those in similar highly concentrated HNO3 solutions in water,11

the indirect yield is indeed much lower in water because
reactions (18) and (24) inhibit the formation of the NO3

�

radical.

Species absorbing at 440 nm

No absorbance such as the absorption band at 440 nm, arising at
the end-of-pulse in the HNO3/TBP/H2O environment (Fig. 2(a)
and (b)), was observed in aqueous HNO3 solutions.11 In neat TBP
(HNO3 free), a much weaker and longer-lived band was observed
at almost the same wavelength and was assigned to an excited
state of TBP.12 The same assignment cannot be excluded,
provided assuming the huge differences in intensity and stability
behavior were just the consequence of the strong acidity of the
present environment.

The value of this initial absorbance is decreasing when
[HNO3] is increased from 0.5 to 1.9 M, and becoming negligible
at 4.5 M (or when in parallel [TBP] decreases from 3.5 to 2.7 M).
Moreover, the 440 nm absorbance decreases when, at constant
HNO3 concentration, that of TBP is reduced by its partial
replacement by dodecane (Table SI 2 and Fig. SI 2). Seemingly,
the formation of the species absorbing at 440 nm requires an
early crossed reaction during both HNO3 and TBP radiolysis.

Time-evolution of the transient species absorbance (t 4 5 ps)

As shown in Fig. 3, the absorbance intensity decay kinetics
depend on the wavelength, therefore on the short-lived species.

At 780 nm, the e�TBP absorbance is alone and decays to 0
within 200 ps via reaction (5) (Fig. 6(b)).

At 680 nm, in 0.5 and 1.9 M solutions, the fast absorbance
decay of e�TBP during 200 ps is superimposed to the decay of the
NO3

� absorbance which is very slow (Fig. 6(a)).
However, in the 4.5 M solution (Fig. 6(a)), where no solvated

electron is detected at 780 nm, the very small initial decay at
640 nm must be assigned to some intra-spur reaction of NO3

�.
After 200 ps, when the interference of the e�TBP absorbance is

over, the NO3
� absorbance at 640 nm decreases slowly to zero by

a pseudo first-order process (Fig. 7). It is worthy to note that the
decay rate decreases markedly in 4.5 M HNO3 compared to the
concentrations 0.5 or 1.9 M. On the contrary, it increases

Fig. 5 Dependence on the HNO3 concentration of the total NO3
� absor-

bance measured at 640 nm, and of the calculated partial absorbances by
direct and indirect effects. Optical path l = 0.5 cm (Table 1).
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proportionally to the corresponding TBP concentration as
shown in Fig. 7, inset. This suggests a reaction of the radical
NO3

� with TBP:

NO3
� + TBP - HNO3 + TBP(–H)� (25)

From the slope of the linear dependence of the pseudo first-
order rate constant on the TBP concentration (Fig. 7, Inset), the
bimolecular rate constant is k21 = 0.9 � 106 L mol�1 s�1. The
value of this rate constant is much lower than the diffusion
controlled one, as expected for H transfer reactions.

During the PUREX process, the above environment is irra-
diated by the spent nuclear fuel, which is dissolved by the nitric
acid, and the ions of uranium and plutonium are selectively
extracted via complexation by nitrate anion and solvation by
TBP/C12H26. As the reaction rate constant between NO3

� and UIV

was measured in water as k(UIV + NO3
�) = 1.6 � 106 L mol�1 s�1,2

it is expected that the complexed ions of uranium and pluto-
nium are then oxidized to UVI and PuVI, respectively, either
directly by NO3

� radicals, in competition with reaction (22), or
by TBP(–H)� and C12H25

� radicals arising from this reaction. The
oxidation yield is that of NO3

� and is the highest for the
environment 1.9 M HNO3/3.3 M TBP/0.8 M H2O (GTotal(NO3

�) =
3.2 � 10�7 mol J�1). Note that in these oxidation reactions the
solvents HNO3 and TBP are restored. Eventually, the reduction
balance by electrons is supported by HNO3 only.

The absorbance at 440 nm beyond 200 ps decreases accord-
ing to a first order reaction (Fig. 8). The rates are very close each
other and independent of the HNO3 concentration at 0.5
and 1.9 M.

Influence of dodecane

In order to determine the influence of dodecane compared with
TBP, data were obtained in replacing part of TBP (C12H27PO4)
volumes by dodecane (C12H26). The total dose slightly decreases
at increasing dodecane concentration (from 0 to 1.1 M) because
of its lower electronic density (Table SI 3, Fig. 1(b)). The NO3

�

absorbances and yields at 50 ns (e�TBP has vanished) are given in
Table 2. At constant HNO3 and H2O concentrations, the NO3

�

yields with dodecane are lower than without. Seemingly, the
energy transfer to HNO3 is less efficient from irradiated dode-
cane than from TBP (reactions (12)–(15)).

Fig. 6 Compared absorbance decays for various HNO3 concentrations at
(a) 680 nm, (b) 780 nm.

Fig. 7 Pseudo first-order decay of the 640 nm absorbance at various
HNO3 concentrations. Inset: dependence of the pseudo-first order rate
constant on the TBP concentration.

Fig. 8 First-order decay of the absorbance at 440 nm for HNO3 con-
centrations 0.5 and 1.9 M.
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The influence of dodecane on the decay of the NO3
� radical

absorbance at 640 nm is shown in Fig. 9.
The decays are compared for the same HNO3 2.5 M and H2O

1.5 M concentrations, but variable TBP/C12H26 environments
([C12H26] from 0 to 1.1 M). At any time, the absorbances with
dodecane are lower than without. However, clearly, the decays in
presence of TBP/dodecane are pseudo-first order as without dode-
cane. Moreover, the slope is very slightly increasing as much as
does the sum: [TBP] + [C12H26]. That indicates that dodecane and
TBP behave similarly and with the same bimolecular rate constant
in the oxidation reactions (25) and (26) by NO3

�:

NO3
� + C12H26 - HNO3 + C12H25

� (26)

The C12H25
� radical is expected as well as NO3

� and TBP(–H)� to
oxidize UIV and PuIV during the PUREX process.

Conclusions

Using picosecond pulse radiolysis, the transient optical absorp-
tion spectra were thoroughly PUREX model environments with
various HNO3/TBP/H2O/C12H26 fractions. The optical absorp-
tion spectra at the end of the pulse (5 ps) are composed of the
overlapping absorption band around 440 nm, hypothetically
assigned to some acidic form of a TBP excited state, a band with
specific peaks around 640 nm, assigned to the NO3

� radical,
and a broad spectrum from 400 to the near infrared that is

assigned to e�TBP, the electron solvated in TBP. The observed
overall spectrum has been deconvoluted into the separate
spectra of the short-lived species. The e�TBP decay is extremely
rapid via the reaction with HNO3 within the pulse and the yield
at 5 ps is very low.

The HNO3 and TBP/dodecane concentrations and doses
absorbed change with opposite trends, but the total NO3

�

radical yield at 5 ps has the highest value for the 1.9 M
HNO3/3.3 M TBP/0.8 M H2O environment (GTotal(NO3

�) =
3.2 � 10�7 mol J�1). The radical NO3

� is early induced both
via direct excitation and ionization of HNO3, and indirectly via
the transfer of energies absorbed by TBP/C12H26/H2O to HNO3.
Despite the complexity of the environment, the mechanism and
separate absorbances and yields of these direct and indirect
radiation effects are determined and discussed.

The absorbance of the NO3
� radical decreases with time by a

bimolecular reaction with TBP and dodecane. However, the rate
constant is very low (k = 0.9 � 106 L mol�1 s�1). In the PUREX
process where the environment is irradiated by the spent
nuclear fuel, the ions of uranium and plutonium complexed
by TBP are oxidized to UVI and PuVI either directly by the early
induced NO3

� radical or by the further TBP(–H)�/C12H25
� radi-

cals induced by NO3
�, the most efficiency being observed for

the environment 1.9 M HNO3/3.3 M TBP/0.8 M H2O. Its
degradation is mostly supported by HNO3 which is reduced
via electrons scavenging.
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Supplementary information (SI) includes the optical absorp-
tion spectra of neat TBP and of various solutions of nitric acid;
a table showing the dependence of the dose absorbed by the
mixture components on their concentration; and a table show-
ing the how the absorbances and yields of e�TBP and radical were
obtained. See DOI: https://doi.org/10.1039/d5cp04724b.

Table 2 Dependence of the NO3
� absorbances and yield on the dode-

cane concentrations

[C12H26] (M), ( f ) 0, (0) 0.61, (0.11) 1.11, (0.215)
[TBP] (M), ( f ) 3.1, (0.84) 2.6, (0.72) 2.2, (0.624)
[HNO3] (M), ( f ) 2.5, (0.15) 2.5, (0.15) 2.5, (0.16)
[H2O] (M), ( f ) 1.5, (0.025) 1.5, (0.025) 1.5, (0.025)
A(NO3

�)Total,640nm,50ns 0.5 cm 0.007 0.005 0.004
Dose (Total) (J L�1) 100.3 96.5 94
G(NO3

�)Total,50ns (10�7 mol J�1) 1.0 0.78 0.63

Fig. 9 Dependence on the TBP and dodecane concentrations in HNO3

2.5 M/H2O 1.5 M environments (Table 2) of the kinetics of the NO3
� radical

absorbance at 640 nm in logarithmic scale. Optical path 0.5 cm.
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