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a b s t r a c t

A new irradiation loop design has been developed, which provides the ability to carry out radiolytic
resistance studies of extraction systems simulating process relevant conditions in an easy and simple
way. The step-by-step loop configuration permits an easy modification of settings and has a relative low
volume requirement. This irradiation loop has been initially set up to test the main EURO-GANEX process
steps: the lanthanide (Ln) and actinide (An) co-extraction followed by the transuranic (TRU) stripping.
The performance and changes in the composition have been analyzed during the irradiation experiment
by different techniques: gamma spectroscopy and ICP-MS for the extraction and corrosion behavior of
the full system, and HPLC-MS and Raman spectroscopy to determine the degradation of the organic and
aqueous solvents, respectively. The Ln and An co-extraction step and the corrosion that occurred during
the first irradiation step revealed the favorable expected results according to literature. The effects of
acidity changes occurred during the irradiation process, the presence of stainless corrosion products in
solution as well as the new possible degradation compounds have been explored in the An stripping step.
The results obtained demonstrate the importance of developing realistic irradiation experiments where
different factors affecting the performance can be easily studied and isolated.
© 2021 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The reprocessing of nuclear fuel is moving towards advanced
cycles that include the recycling of Minor Actinides (MAs: Np-Cm)
as a strategy to minimize the radiotoxicity of the waste generated
[1e4]. Therefore, new solvent extraction-based separation pro-
cesses for actinides (An) and fission products (FP) reprocessing are
under development globally [5e9]. To validate a new separation
process for this purpose, solvents are not only tested concerning
the extraction efficiency but also their resistance to radiolysis and
hydrolysis. This is because extraction systems will be in contact
with a highly radioactive field and high nitric acid concentration,
inducing its degradation and further undesirables effects such as
loss of selectivity, settling issues, etc., and the consequent increase
ciones Energ�eticas, Medi-
lutense 40, 28040, Madrid,

�anchez-García), hitos.galan@

by Elsevier Korea LLC. This is an
of secondary waste and process costs. Degradation Compounds
(DCs) are one of the biggest barriers to advanced reprocessing
solvents since they are progressively formed and could have
different properties from those of the original system [10,11].
Hence, the development of a successful industrial process demands
an ability to understand and quantify stability issues, from the
initial design of the extractant to a hot test in a pilot plant. The
initial irradiation studies of individual solvents with isolated mol-
ecules in batch and static conditions allow the fundamental
comprehension of the degradation pathways and are an easy way
to compare the robustness of different extractants. However, it is
also known that the variation of experimental conditions during
the irradiation process, like presence of oxygen, solvent composi-
tions, phases contacted, etc., can give rise to different results
[12e14]. Consequently, to predict and anticipate the long-term
behavior during operations, a more realistic assessment of the
process conditions must be considered. Although batch irradiation
experiments can be designed to cover many options, dynamic ex-
periments, as lifelike as possible, are necessary. It is clear that there
is an important gap between fundamental irradiation experiments
and advanced tests in pilot plants, which require sophisticated
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dynamic irradiation platforms (irradiation loops) where the set-
tings are often not easily modified. CEA Marcel-Proust loop
(Commissariat �a l’�energie atomique et aux �energies alternatives) in
France [15] and the Idaho National Laboratory (INL) loop in the
United States [16] are two of the most successful irradiation loops
developed, until now. Different extraction processes like DIAMEX
(DIAMide EXtraction), GANEX (Grouped ActiNides EXtraction) first
cycle [17], i-SANEX (Innovative Selective ActiNide EXtraction) [18] or
ALSEP (Actinides and Lanthanides SEParation) [19] have been tested
using these loops.

In this work, an irradiation test loop has been developed in the
N�ayade facility at CIEMAT, which provides the possibility to
perform easily modifiable dynamic irradiation experiments where
conditions relevant to the advanced reprocessing processes can be
studied. Moreover, this design allows the irradiation of two phases
in contact, its configuration step-by-step improves the simulation
of the doses expected for each phase, but also permits a straight-
forward modification of experiment settings and has a low solvent
volume requirement.

The new irradiation loop has been adapted to assess the per-
formance of the EURO-GANEX process [20e22], taking as a starting
point our previous studies regarding the development of experi-
mental irradiation strategies to evaluate the robustness of extrac-
tion systems involved in different processes [23,24].

As part of a homogeneous actinides recycling strategy [2,5], the
GANEX concept consists of two cycles: the first one for the bulk
recovery of uranium (U) and the second one aims to separate the
transuranic elements (TRU) together [25]. The EURO-GANEX pro-
cess is one of the most promising options for GANEX second cycle,
based on the complementary selectivity of extractants used in the
organic and complexing agents employed in the aqueous phase
[20], which comprises two steps, the co-extraction of An and Ln and
the TRU stripping [22]. In the An and Ln co-extraction, a solvent
consisting of TODGA (N,N,N0,N0-tetraoctyl diglycolamide [26,27],
Fig. 1) and DMDOHEMA (N,N0-dimethyl-N,N0-dioctylhexylethox-
ymalonamide [28], Fig. 1) in Exxsol D80 (a kerosene diluent) is
mixed with a feed, which is the GANEX first cycle raffinate and
CDTA (trans-1,2-cyclohexanediaminetetraacetic acid, Fig. 1), which
prevents the co-extraction of Pd(II) and Zr(IV) [29]. The role of
DMDOHEMA in the EURO-GANEX solvent is to prevent third phase
formation and increase the Pu loading capacity of the organic phase
[22]. After the co-extraction step, a scrubbing step is required to
Fig. 1. Structures of the molecules involved in the EURO-GANEX process: TODGA and DM
extraction; and the same organic phase and AHA and SO3-Ph-BTP in the aqueous phase fo
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remove the co-extracted elements such as Sr, Fe, Mo, Ru and Tc,
among others [22]. Then, the TRU elements are selectively recov-
ered into the aqueous phase in the TRU stripping step using a
combination of two water-soluble complexants in a lower nitric
acid concentration: a sulphonated bis-triazinyl pyridine (2,6-
bis(5,6-di-(sulfophenyl)-1,2,4-triazin-3-yl)-pyridine (SO3-Ph-BTP)
[30] and acetohydroxamic acid (AHA) [31], both in Fig. 1. SO3-Ph-
BTP is used to strip Am(III) and Cm(III) selectively from Ln [30],
while AHA is added to strip Pu(IV), Np(IV), and Np(VI) [22,31e33].

It is known that TODGA-based solvents show moderate resis-
tance to radiation, approximately reducing by half its concentration
after 500 kGy and forming a series of DCs that alter the extraction
properties [10,34e36]. However, the stability studies regarding the
stripping aqueous phase containing the SO3-Ph-BTP are less
conclusive since its resistance to radiation is highly affected by the
experimental conditions studied [37,38]. We have recently pub-
lished on the topic of design strategies to study the stability of
TODGA/SO3-Ph-BTP systems, explaining the reasons for some of
these different results [23]. In the present work, the challenge is to
extend these strategies to dynamic experiments using a new loop
design.

Based on all previous studies [23,24,37,38], to simulate the most
relevant aspects of these processes, the design of the loop should
involve the irradiation of two phases in contact and take into ac-
count its composition, the nitric acid concentration, the renewal of
oxygen content and the dose expected for each phase. With this
purpose, phases will be mixed under an open air atmosphere
outside the irradiator device and irradiated together when they
pass through the irradiator coil. Considering that the organic phase
will be recycled as much as possible, it will be submitted to high
doses; however, at present, it is not anticipated that the aqueous
phase will be recycled [22]. Therefore, the loop experiment was
divided into three steps (Fig. 2). The first, where the organic phase
will be irradiated in contact with a high nitric acid concentration
solution to high doses (500 kGy) to simulate the behavior after
many An þ Ln co-extraction cycles, where all possible TODGA and
DMDOHEMA DCs can be identified, allowing a direct comparation
with previous stability studies of TODGA/SO3-PhBTP systems
[23,24]. A second, to carry out the corresponding scrubbing step at
a lower nitric acid concentration, which mimics the removal of
other elements such as co-extracted FP and adjusts the acidity for
the next step. And the last step, where the previously degraded and
DOHEMA in the organic phase and CDTA in the aqueous phase during An þ Ln co-
r TRU stripping step.



Fig. 2. Scheme of the main steps of EURO-GANEX process simulated at N�ayade irradiation test loop.
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scrubbed organic phase is irradiated again in contact with the
stripping aqueous phase to a relatively low dose (40 kGy), to
simulate the TRU stripping step. During the first irradiation step,
CDTAwas not included because the dose applied (500 kGy) is much
higher compared to that expected for CDTA in each single pass
aqueous phase. AHA has not been included in loop irradiation ex-
periments either due to the long irradiation times needed to
perform irradiation experiment compared to its hydrolysis rate as it
would have undergone complete hydrolysis during the irradiation,
and its effects over the Ln extraction efficiency observed in our
previous works [39].

After irradiation, the extraction behavior has been analyzed by
gamma spectroscopy, for 241Am and 152Eu, and inductively coupled
plasma-mass spectrometry (ICP-MS) for the non-active elements
present in a simulated High Active Raffinate (HAR) solution; in
addition, the composition was evaluated by high-pressure liquid
chromatography-mass spectrometry (HPLC-MS) for the organic
phases and by Raman spectroscopy specifically for SO3-Ph-BTP in
the aqueous phase.
Fig. 3. Schematic diagram of the irradiation test loop.
2. Experimental section

2.1. Materials

The extractants used in the organic phase were N,N,N0,N0-tet-
raoctyldiglycolamide (TODGA) and N,N0-dimethyl-N,N0-dio-
ctylhexylethoxymalonamide (DMDOHEMA). TODGA was
synthesized at CIEMAT, modifying an existing literature procedure
under air and without dried solvent [40]. The raw product was then
purified by column chromatography (silica gel, 98:2 %vol CH2Cl2/
MeOH) to give TODGA as an oil. The purity of the compound, as
determined by HPLC-MS, was 98%. DMDOHEMA with a purity of
99% by HPLC-MS was purchased from Technocomm Ltd (United
Kingdom). The diluent used in the organic phase was odourless
kerosene (OK) and it was purchased from Alfa Aesar (Germany).

The reagents in the aqueous phase were the water-soluble BTP
(2,6-bis(5,6-di-(sulfophenyl)-1,2,4-triazin-3-yl)-pyridine, SO3-Ph-
BTP) and the masking agent trans-1,2-
cyclohexanediaminetetraacetic acid (CDTA). SO3-Ph-BTP with a
purity of 98% by HPLC-MS and CDTA with a purity of 98.5% were
purchased from Technocomm Ltd (United Kingdom) and Sigma-
Aldrich (Germany), respectively. These reagents were used
without further purification. Nitric acid used was purchased from
VWR Chemical as nitric acid (HNO3) 65% with the grade AnalaR
NORMAPUR for analysis; it was additionally purified twice by a
Quartz sub-boiling distillation system (MLS-Milestone) and used in
a short period of time. The HNO3 solutions were prepared by
diluting concentrated nitric acid with ultrapure water (18 MU/cm).
The radioactive tracer solutions of 241Am(III) and 152Eu(III), were
obtained as MCl3, in HCl 1 mol/L, from Isotope Products Labora-
tories, California (US). Highly Active Raffinate (HAR) solution was
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used to simulate the high-level waste stream after reprocessing
typical spent fuels. It was prepared by a specific strategy for the
dissolution of the reagents, which is mainly based on the use of
metal nitrate salts [36]. The composition is described in the solvent
extraction performance section.

2.2. Irradiation test loop

Irradiation experiments of the extraction systems involved in
the different steps of the loopwere performed at the N�ayade facility
(CIEMAT) [41]. It consists of a pool of a 1.2 m2 by 4.5 m deep that
uses water as the biological shield. At the bottom of the pool, there
are 60 sources of 60Co (15 mm diam. x 135 mm long each) with a
total activity of 3.22$1014 Bq. The cylindrical irradiation container
used receives a homogeneous irradiation flux within a 60 mm
diam. x 100 mm high.

Solvents to be irradiated are mixed outside of the pool, at a
1:1 volume ratio and open air atmosphere, pumped by peristaltic
pumps through a 316 stainless steel coil designed and manufac-
tured at CIEMAT (10 mm outside and 8 mm inner diameters and
110 mm length) for the irradiation (Fig. 3). Stainless steel has been
selected as the centrifugal contactors that are planned for use in
advanced reprocessing are also made of this material [42]. The
main elements in the composition of the 316 stainless steel mate-
rial are Fe, Cr, Ni and Mo, and they should be taken into account as
corrosion products when this material is exposed to extreme con-
ditions such as concentrated acid solutions and radiation fields. The
stainless steel coil was introduced in the hermetic irradiation



I. S�anchez-García, H. Gal�an, A. Nú~nez et al. Nuclear Engineering and Technology 54 (2022) 1623e1634
device located at the bottom of the pool, which has also been
designed and manufactured at CIEMAT with special entrances for
tubing, whilst preventing water ingress. The ISO-VERSINIC (Viton)
tubing employed has passed all resistance tests up to 1000 kGy in
contact with nitric acid. The connections between the Viton (6 mm
outside and 4 mm inner diameters) tubing and the stainless steel
coil are composed of an outlet valve with a screw cap of stainless
steel.

To know the effective dose rate provided by 60Co sources in
static conditions, a Fricke dosimetry measurement [43] using a
stainless steel shield with the same thickness of the coil reactor was
undertaken, resulting in a dose rate of 35.11 kGy/h. The volume
employed for each phase was 130mL. The flow rate was adjusted to
maintain the volume ratio (in the range of 0.31 L/h). As the resi-
dence time of solvent within the irradiator coil is only a fraction of
the total, the effective dose rate submitted over the coil was
determined by taking into account the coil volume, phase residence
time and the effective dose through the steel, giving a result of
2.89 kGy/h. Samples of both phases were taken at different absor-
bed doses during the test loop.

Using the loop designed and shown in Fig. 3, the two main
biphasic system of EURO-GANEX process, i.e. An þ Ln co-extraction
(1) and TRU stripping (2), were irradiated in two different steps: 1)
0.2 mol/L TODGA and 0.5 mol/L DMDOHEMA in OK in contact with
5 mol/L HNO3 irradiated up to 500 kGy; 2) The irradiated organic
phase from step 1 was again irradiated up to 40 kGy in contact with
an aqueous phase of 0.018 mol/L SO3-Ph-BTP in 0.5 mol/L HNO3,
providing a total dose delivered to the organic phase of 540 kGy and
just 40 kGy to the stripping aqueous phase. During the irradiation
process, neither CDTA nor AHA were included in the experiments.
2.3. Solvent extraction performance

The behavior of the EURO-GANEX process after the two different
steps mentioned before (see scheme in Fig. 2) was assessed with
spiked samples (241Am and 152Eu) and the phases shown in Table 1.

Samples of the organic phase taken at 200 and 500 kGy after the
first irradiation (An þ Ln co-extraction), were put in contact with a
fresh aqueous phase consisting of 10 %vol of a simulated HAR so-
lution and 0.055mol/L CDTA in 5mol/L HNO3 and spikedwith 10 mL
of 241Am and 152Eu (100 kBq/ml each). The composition of the HAR
solution is shown in Table 2 and corresponds to a high-level waste
Table 1
Composition of the organic and aqueous phases in the different steps of the irradiation

Experiments step Solvent formulation

Organic phase

An þ Ln co-
extraction

a) Irradiation Fresh EURO-GANEX solvent
0.2 mol/L TODGA þ
0.5 mol/L DMDOHEMA in OK

b) Extraction after the 1st
irradiation

Irradiated EURO-GANEX solve
200 and 500 kGy
TODGA þ DMDOHEMA in OK

Scrubbing Intermediate step between
irradiations

Irradiated EURO-GANEX solve
TODGA þ DMDOHEMA in OK

TRU stripping a) Irradiation Irradiated EURO-GANEX solve
scrubbing
TODGA þ DMDOHEMA in OK

b) Extraction after the 2nd
irradiation

Irradiated EURO-GANEX solve
TODGA þ DMDOHEMA in OK
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solution coming from a UOX fuel reprocessing, with an initial 235U
enrichment of 3.5%, thermal burn-up of 33 GWd/tHM and 3 years of
cooling [36]. The loaded organic phase was twice contacted with an
equal volume of fresh 0.5 mol/L HNO3 for 5 min for the scrubbing
step.

After the second step of irradiation (TRU stripping step), the
behavior of the system was assessed by using samples taken from
both irradiated phases (Table 1): TODGA and DMDOHEMA (up to
540 kGy) and 0.018 mol/L SO3-Ph-BTP in 0.5 mol/L HNO3 (from 10
to 40 kGy) and then spiked with 10 mL of 241Am and 152Eu (100 kBq/
ml each). AHA is not included in the extraction experiments
because neither Pu and Np were used in the current tests.

All extraction experiments were performed by mixing 500 mL of
both, aqueous and organic phases, for 30 min at room temperature
(22 ± 2 �C). Then, the phases were separated by centrifugation
(5 min at 5000 rpm) and aliquots of each were taken for analysis
(300 mL for gamma and 100 mL ICP-MS).

For high energy gamma spectroscopy measurements, a High
PurityeGermanium detector with an intrinsic efficiency of 20% was
used, using Genie-2000 (Canberra) as analysis software. The
gamma characteristic photopeaks at 59.5 keV and 121.8 keV were
analyzed for 241Am and 152Eu, respectively.

The concentration of the elements presented in the HAR solu-
tion as well as those coming from the stainless steel corrosion
products (Fe, Cr, Ni and Mo) were determined by ICP-MS. The
organic and aqueous phases were analyzed directly after a suitable
dilution in HNO3 (2e5.%). All extraction results are reported as
distribution ratio D (DM ¼ [M]org/[M]aq), where DM between 0.01
and 100 exhibit a maximum error of ±5%. The limit of detection
(LOD) for 241Am and 152Eu is 2 and 6 Bq/L, respectively, and for Fe,
Cr, Ni and Mo is 2.8$10�6 mmol/L, 5$10�7 mmol/L, 7$10�7 mmol/L
and 7$10�8 mmol/L, respectively, based on the dilutions carried out.
2.4. Solvent composition analysis

The chemical composition of the irradiated organic and aqueous
samples was determined by HPLC-MS and Raman spectroscopy,
respectively. HPLC-MS measurements were performed using an
HPLC-MS Bruker EVOQ™ (Triple Quadrupole detector) with a ACE 3
C18-PFP column (50 mm � 2.1 mm) at 40 �C, using a gradient of
mobile phase [(A: 0.1% HCOOH in H2O), (B: 0.1% HCOOH in CH3CN)].
APCIþ ionization mode was used for TODGA and DMDOHEMA
test loop and the following extraction experiments.

Aqueous phase

Fresh
5 mol/L HNO3

nt Fresh
0.055 mol/L CDTA þ
10 %vol HAR in 5 mol/L HNO3

nt from the previous step (500 kGy) Fresh in 0.5 mol/L HNO3

nt from the previous step (500 kGy) þ Fresh
0.018 mol/L SO3-Ph-BTP in 0.5 mol/L
HNO3

nt from the second step (540 kGy) Irradiated Aq. phase (10, 20, 30 and
40 kGy)
0.018 mol/L SO3-Ph-BTP in 0.5 mol/L
HNO3



Table 2
Composition of the synthetic high active raffinate (HAR) solution listing elements dissolved in 4 mol/L HNO3 (33 GWd/tHM, Initial enrichment 3.5% 235U) [36].

Lanthanides Fission/corrosion products

Elements mg/L Elements mg/L

Ce 463 Ba 280
Eu 35 Cd 18
Gd 35 Cr 100
La 278 Cu 25
Nd 718 Mo 720
Pr 293 Ni 47.5
Sm 140 Pd 198
Y 108 Rb 68

e e Rh 73

e e Ru 408

e e Sn 10

e e Sr 180

e e Zr 958
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quantification, meanwhile ESIþ mode was used for TODGA DCs
quantification. The quantification of DMDOHEMA DCs was not
carried out due to the absence of the DCs isolated as standards.
Samples for HPLC-MS studies were analyzed without pre-
evaporation and diluted 1:30,000 in HPLC grade MeOH. Calibra-
tion curves were performed for TODGA, DMDOHEMA and each
TODGA DCs, from 10 to 1000 ppb, and the correlation coefficients in
all cases were in the range of 0.993e0.999. All measurements were
performed in triplicate in order to have uncertainty analysis where
results show a maximum error of ±3%.

The concentration of SO3-Ph-BTP was measured by Quantitative
Raman Spectroscopy (QRS) using the methodology developed in
our previous work [38]. Raman spectra of samples were acquired by
using a B&W Tek i-Raman™, model BWS415-785S. A red laser of
HeNe with a wavelength of 785 nm with an operating power of
300 mW was used. The spectral range available to this spectrom-
eter is from 175 to 3200 cm�1, with a spectral resolution of ~5 cm�1.

The proton concentration in the aqueous phases was deter-
mined potentiometrically by acid-base titration with KOH using an
automatic titrator (Metrohm 798 MPT titrino) with an Unitrode as
electrode purchased from Metrohm. A dynamic equivalence point
of titration was employed for the determination, where the KOH
was added in variable volume steps. The electrode was calibrated
employing buffer solutions of pH 4.00 and 7.00 supplied by
Metrohm.
Fig. 4. Distribution ratios of Am(III) and Eu(III) as a function of absorbed dose after the
first step of the irradiation loop test (An þ Ln co-extraction, see Fig. 2). Org. phase:
Irradiated 0.2 mol/L TODGA and 0.5 mol/L DMDOHEMA in OK. Aq. phase: Fresh
0.055 mol/L CDTA þ 10 %vol of HAR solution in 5 mol/L HNO3 spiked with 241Am and
152Eu.
3. Results and discussion

With the aim of developing a loop that bridges the gap between
fundamental studies and sophisticated irradiation loop platforms,
the requirements gleaned from static studies have been adapted to
a new loop design at the N�ayade facility. Hence, the performance
and effects of realistic dynamic irradiation during the two main
steps of EURO-GANEX, the An þ Ln co-extraction and the TRU
stripping, are the objects of this study (the compositions employed
are summarised in Table 1 and Fig. 2).

The Anþ Ln co-extraction system (0.2 mol/L TODGAþ 0.5 mol/L
DMDOHEMA in OK in contact with 5 mol/L HNO3) was irradiated at
200 and 500 kGy, simulating an accumulated absorbed dose of the
recycled organic phase [44] that also allows a direct comparison to
previous results, albeit without any form of solvent cleaning or
bleeding that would likely be present on an actual operational
plant. CDTA was not included in the aqueous phase since the ex-
pected dose in any one single pass for the aqueous phase is much
lower than 500 kGy, and the irradiation of both phases together
would not reproduce a realistic situation. During the irradiation
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process, a color change of the organic phase from slightly yellow to
dark yellowwas found, but no third phase formation, precipitate, or
other physical changes were observed, as expected from previous
results.

After the An þ Ln co-extraction irradiation step, the 5 mol/L
HNO3 aqueous phase was replaced by a fresh solution containing
CDTA, a 10 %vol of HAR solution (composition in Table 2) in 5 mol/L
HNO3 and spiked with 241Am and 152Eu. CDTA was now added to
evaluate Zr and Pd retention in the aqueous phases since it is
already known that some TODGA DCs are also able to extract these
metals [11].

A normal phase separation behavior was also obtained without
any precipitates or third phase formation. The variation of DAm(III)
and DEu(III) as a function of absorbed dose is shown in Fig. 4. As
expected from static studies, bothmetals arewell extracted into the
organic phase even after 500 kGy of absorbed dose (D > 100),
although a slight decrease in the D values is always observed for
both elements. Therefore, under the irradiation loop condition
applied, the system can still extract An and Ln even after 500 kGy of
absorbed dose, corroborating all previous works based on TODGA-
based solvents [18,36].

FPs and Ln element concentrations were measured in both
phases by ICP-MS, and the distribution ratios of these elements are



Table 3
Distribution ratios for Ln and FP by fresh and irradiated EURO-GANEX solvent (0.2 mol/L TODGAþ 0.5 mol/L DMDOHEMA in OK) at 200 kGy and 500 kGy from a fresh aqueous
phase consisting of 5 mol/L HNO3 with and without 0.055 mol/L CDTA. All aqueous phases contain 10%vol HAR solution. (Note: Mo was not included due to its not-satisfactory
measurement in HAR solution).

Element Extraction

0 kGy without CDTA 0 kGy with CDTA 200 kGy with CDTA 500 kGy with CDTA

Cu 0.13 0.12 0.13 0.07
Sr 1.11 1.31 0.62 0.46
Ru 0.19 0.17 0.17 0.21
Cd 0.22 0.22 0.18 0.14
Ba 0.06 0.01 0.02 0.02
Cr, Rb, Rh <0.01
Ni 0.02 <0.01 <0.01 <0.01
Zr > 100 <0.01 <0.01 <0.01
Pd > 100 <0.01 <0.01 <0.01
Y 76.86 62.38 86.55 >100
Ln (La, Ce, Pr, Nd, Sm, Eu, Gd) >100

Fig. 5. Evolution of the concentration of stainless steel corrosion products Fe, Cr, Ni
and Mo during An þ Ln co-extraction and scrubbing steps of EURO-GANEX irradiation
loop.
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represented as a function of absorbed dose in Table 3. As can be
observed, the extraction behavior for most of these elements re-
mains unchanged when the irradiated and non-irradiated samples
are compared, showing Y and Ln have high D values in all cases
(D > 100). The influence of the CDTA presence on the extraction of
Zr and Pd is clearly observed with a significant decrease of the DPd
and DZr reaching values of D < 0.01, in agreement with previous
studies [22,29,45], and this performance is not modified even if the
system is irradiated up to 500 kGy.

As the reactor coil employed in the irradiation loop is made of
316 stainless steel, the possible corrosion products as a conse-
quence of the contact with nitric acid and radiation have also been
measured by ICP-MS, concluding that Fe, Cr, Ni andMo are themost
relevant stainless steel corrosion products. Fig. 5 shows the evo-
lution of their concentration in the organic and aqueous phases
along the first irradiation step (Ln þ An co-extraction). The con-
centration of all corrosion metals measured increases as a function
of absorbed dose with Fe, Cr and Ni being the most abundant. Fe
was predominantly extracted into the organic phase with
2.54 mmol/L at 500 kGy, albeit there is 0.34 mmol/L in the aqueous
phase at the same absorbed dose. This is in agreement with Carrott
et al. [45], who explained that DMDOHEMA is responsible for Fe
extraction, although TODGA and DMDOHEMA DCs could also ac-
count for some of this behaviour. Cr and Ni were kept in the
aqueous phase reaching a concentration of 0.54 mmol/L and
0.31 mmol/L, respectively, at the highest absorbed dose (500 kGy).
This behaviour is similar to that observed by Peterman et al. [18],
who reported ~0.30 mmol/L and ~0.36 mmol/L for Cr and Ni after
~550 kGy, respectively. Mo was found in concentrations lower than
~0.01 mmol/L in both phases.

As previously discussed, after the extraction and before the
stripping step, it was necessary to introduce a scrubbing stepwith a
diluted nitric acid (0.5 mol/L) (Fig. 2). Fig. 5 also shows the
remaining concentration of corrosion products in the organic phase
after this 2nd scrubbing stage. The effectiveness of the scrubbing
section to remove mainly Fe and Ni from the organic phase is
observed, but not Cr and Mo, which remained in the organic phase,
albeit in low concentration.

The acid concentration of the aqueous phase along the steps
studied was also checked. The proton concentration decreased
from 4.65 mol/L for unirradiated HNO3 to 3.78 mol/L for the irra-
diated solution at 500 kGy during the An þ Ln co-extraction step.
After the first scrubbing stage, the proton concentration was
0.89 mol/L, reaching 0.5 mol/L in the aqueous phase after the sec-
ond scrubbing stage, which ensured the correct acidity in the
organic phase for the next TRU stripping step.

After simulating a long-term used organic phase (after 500 kGy),
and the corresponding scrubbing steps, the organic phase was
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again irradiated in contact with a new aqueous phase, consisting of
0.018 mol/L SO3-Ph-BTP in 0.5 mol/L HNO3, to simulate the possible
effects over the global system during the TRU stripping (see Fig. 2).
This system was irradiated up to 10, 20, 30 and 40 kGy. AHA hy-
drolysis in acid media affects the original extraction properties of
the system due to its reduction in concentration, but because it also
causes a significative reduction in proton concentration due to the
formation of NH3OHNO3. We have recently published the kinetic
study of AHA hydrolysis for these particular conditions and the
effects on Ln extraction by a TODGA solvent [39]. In that study, it
was demonstrated that for all those studies involving AHA in acid
media, the DLn(III) values after 24 h are negatively affected due to
AHA hydrolysis. Therefore, considering that the irradiation takes
longer (~8 days) than AHA hydrolysis reactions, to evaluate the
radiolytic effects over the extraction performance (DM values), AHA
was not included during the irradiation experiment.

Over the course of the second irradiation step, the aqueous
phase containing the SO3-Ph-BTP darkened considerably, from the
green of the unirradiated samples to opaque black of the irradiated
samples, which has been widely related to its radiolytic degrada-
tion (Fig. 6) [18,23,37,38].

The DAm(III), DEu(III) and SFAm(III)/Eu(III) values determined at the
corresponding doses selected along the irradiation of the TRU
stripping step are presented in Fig. 7. In this case, an increasing
effect of radiolytic degradation as a function of the dose can be
observed just after the first irradiation step (10 kGy), where the
DAm(III) increases reaching values higher than 1 and indicating that
Am is not effectively stripped into the aqueous phase. This means



Fig. 6. TRU stripping samples after different absorbed doses. Org. phase: 0.2 mol/L
TODGA and 0.5 mol/L DMDOHEMA in OK irradiated at 540 kGy. Aq. phase: 0.018 mol/L
SO3-Ph-BTP in 0.5 mol/L HNO3 irradiated at different doses: (A) 0 kGy, (B) 10 kGy, (C)
20 kGy, (D) 30 kGy and (E) 40 kGy.

Fig. 7. Distribution ratios of Am(III) and Eu(III) as a function of dose for the second
irradiation step (TRU stripping, see Fig. 2). Org. phase: Irradiated 0.2 mol/L TODGA and
0.5 mol/L DMDOHEMA in OK at 540 kGy, Aq. phase: 0.018 mol/L SO3-Ph-BTP in
0.5 mol/L HNO3 irradiated at different doses (from 0 to 40 kGy).

Fig. 8. Evolution of the concentration of stainless steel corrosion products Fe, Cr, Ni
and Mo during TRU stripping step of EURO-GANEX irradiation loop.
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that the system would lose the ability to separate An from Ln just
after a few kGy, in disagreement with previous studies where both
phases have been irradiated together andmaintained the An and Ln
separation up to 50 kGy, in static conditions [38], or up to 174 kGy in
a loop test [18]. However, it is important to note that both D values
increase from the first irradiation point, with the DAm(III) value at
0 kGy being close to 1, giving place to an inadequate stripping of
americium into the aqueous phase by the SO3-Ph-BTP even in the
absence of radiation. This result at 0 kGy is in disagreement with
previous studies where the EURO-GANEX system was assessed
giving a DAm(III) < 0.1 [45]. For that reason, these results at 0 kGy
may not be related to the radiolytic degradation of SO3-Ph-BTP, but
also to other effects coming from the organic phase such as pH
variations, presence of corrosion metals or compositional varia-
tions. However, when SO3-Ph-BTP is irradiated, the degradation
itself and the subsequent formation of its DCs produces effects to
consider other than just the DAm(III) values increase. Therefore,
understanding the effect of radiation and DCs on this change in
DAm(III) will require further work.

The remaining concentration of corrosion metals coming from
the organic phase will be added to those from the corrosions due to
the new irradiation step (containing SO3-Ph-BTP) during the TRU
stripping step irradiation. Fig. 8 shows the evolution of their con-
centrations in the organic and aqueous phases under irradiation
during the TRU stripping step. As can be observed, the low doses
applied did not produce a significant increase in corrosion metal
concentration compared to the previous irradiation step. Contrary
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to the previous step, now Fe was found mostly in the aqueous
phase, in agreement with the previous study carried out by Carrott
et al. [45] where they reported that Fe is not extracted at low acid
concentrations (up to 1 mol/L HNO3) by the EURO-GANEX solvent.
Cr and Ni were also found mainly in the aqueous phase, however,
Mo was kept principally in the organic phase albeit at a low con-
centration (0.01 mmol/L).

The presence of corrosionmetals during the TRU stripping could
cause the unexpected DM(III) values shown in Fig. 7. Therefore,
additional extraction experiments with the EURO-GANEX solvent
to check the TRU stripping as a function of the Fe, Cr and Ni initial
concentrations in the aqueous phase have been carried out and the
results are summarised in Table 4. These initial metal concentra-
tions were selected as a result of the corrosion experiments (see
Fig. 8). As the concentration of Fe, Cr and Ni increases (Exp. 2e5,
Table 4), the DAm(III) values also increase. These results show that Fe,
Cr and Ni are complexed by SO3-Ph-BTP and could compete with
Am, thus decreasing its complexation. Hence, the presence of these
metals in the aqueous phase effectively influences the extraction
capacity of the system, modifying the distribution ratios and
therefore, the system performance. It should also be noted that
aqueous solutions of these experiments darkened, especially when
a high Fe concentrationwas added (Exp. 4 and 5, Table 4), similar to
the irradiated TRU stripping solution obtained in the irradiation
test loop. This result highlights that the color change in the SO3-Ph-
BTP solution during the irradiation process could not only be
attributed to its radiolytic degradation, but also the presence of
metals such as Fe.

As in previous steps, the acid concentration of the aqueous
phase during the TRU stepwas also checked and it is summarised in
Table 5. The proton concentration increases from approximately
0.50 mol/L when SO3-Ph-BTP is unirradiated, to 0.84 mol/L for all
the absorbed doses studied. This significant increase in the acidity
could be one of the reasons for the unexpectedly high DAm(III) values
observed in Fig. 7. This increase is still unexplained since it could be
due to the ineffective adjustment of the conditions after the first
irradiation step or unexpectedly high degradation of the aqueous
phase.

Otherwise, the changes observed in the composition caused by
the degradation of extractants also affect the extraction capacity of
the system. Therefore, although distribution ratios give us a lot of
information about the systems and allow the prediction of their
behavior, they should not be used as the only metric for ligand
degradation. Hence, to have a global picture of what is happening
and a more complete understanding, the composition of both the
organic and the aqueous phases of the corresponding An þ Ln co-



Table 4
Distribution ratios of An(III) and Ln(III) by fresh EURO-GANEX solvent (0.2mol/L TODGAþ 0.5mol/L DMDOHEMA in OK) from the fresh aqueous phase consisting of 0.018mol/L
SO3-Ph-BTP varying the Fe(III), Cr(III) and Ni(II) initial concentrations in the aqueous phase.

Exp. Samples composition Distribution
ratios

Org. phase Aq. phase

Composition Fe(III)in, mmol/L Cr(III)in, mmol/L Ni (III)in, mmol/L DAm(III) DEu(III)

1 0.2 mol/L TODGA þ
0.5 mol/L DMDOHEMA in OK

0.018 mol/L SO3-Ph-BTP in 0.5 mol/L HNO3 e e e 0.09 22.5
2 e 0.02 0.02 0.18 35.4
3 e 0.10 0.09 0.21 55.4
4 0.02 0.02 0.02 0.30 65.9
5 0.36 0.10 0.09 0.31 41.0

Table 5
Proton concentration monitoring for all aqueous samples involved during the TRU stripping step of EURO-GANEX process.

EURO-GANEX process step Aqueous phase sample Absorbed Dose, kGy [Hþ], mol/L

TRU Stripping 0.018 mol/L SO3-Ph-BTP in 0.5 mol/L HNO3 0 0.48
10 0.81
20 0.80
30 0.79
40 0.84

I. S�anchez-García, H. Gal�an, A. Nú~nez et al. Nuclear Engineering and Technology 54 (2022) 1623e1634
extraction and TRU stripping steps were investigated. The compo-
sition of the organic phase has been analyzed qualitatively and
quantitatively by HPLC-MS, while the composition of the aqueous
phase was analyzed by Raman spectroscopy, using the methodol-
ogy presented in our recent works [23,24,38].

First, the effect over the main extractants in the organic phase
was analyzed. Fig. 9 shows the TODGA and DMDOHEMA concen-
trations remaining after both steps of the irradiation loop, An þ Ln
co-extraction and TRU stripping steps (up to 500 and 540 kGy,
respectively). As expected, the extractants concentrations diminish
as a function of dose, reaching a decrease of 32% for TODGA (25%
after An þ Ln co-extraction and an additional 7% after TRU strip-
ping) and 33% for DMDOHEMA (25% after An þ Ln co-extraction
and additional 8% after TRU stripping).

After the first step, on the one hand, the results related to
TODGA agree with those obtained by Peterman et al. [18] during its
irradiation loop, where a decrease of TODGA concentration of ~37%
at 540 kGy in dynamic conditions was reported. In addition, the
behavior observed for DMDOHEMA is also in agreement with the
results published by Berthon et al. [46] where an ~37% malonamide
Fig. 9. TODGA and DMDOHEMA concentration as a function of the absorbed dose.
Fresh EURO-GANEX solvent (reference sample), irradiated at 200 and 500 kGy in
contact with of 5 mol/L HNO3, and irradiated at 500 kGy in contact with 5 mol/L HNO3

and extra 40 kGy with 0.018 mol/L SO3-Ph-BTP in 0.5 mol/L HNO3.
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concentration decrease is observed when 0.65 mol/L DMDOHEMA
in dodecane is irradiated in contact with 3 mol/L HNO3 in static
conditions. If we compare the current results with our previous
studies where TODGA/SO3-Ph-BTP systemswere irradiated in static
contact up to 500 kGy, a higher resistance of the organic solvent can
now be observed. In that previous works [23,24], more than a 50%
decrease in TODGA concentration under different air, air sparging
and Ar atmospheres was found, indistinctly if SO3-Ph-BTP was
present in the aqueous phase. This higher resistance could be
explained because of the different nitric acid concentration of the
aqueous phase in contact, but also, because of the high content of
DMDOHEMA in the current experiment. According to the dose
constant described for TODGA and DMDOHEMA in dodecane [47],
statistically, TODGA preferentially reacts with the n-dodecane
radical cation. However, the relatively magnitude of the electron
fraction of DMDOHEMA coupled with the decreases of the diluent
acts to decrease the magnitude of TODGA degradation.

Although the irradiation of sytems involved in the TRU stripping
step only adds a few additional kGy, the degradation of the organic
solvent is proportionally much higher than expected, increasing by
7 and 8% for TODGA and DMDOHEMA, respectively, after only
40 kGy, compared to the 25% concentration decrease observed after
the 500 kGy applied during the first step of irradiation. This pro-
portionally higher degradation could be attributed to the presence
of SO3-Ph-BTP and/or a lower acidity of the aqueous phase (and
therefore decrease in nitrate concentrations in each phase).

In parallel to the main extractants, TODGA and DMDOHEMA
DCs were identified. Fig. 10 shows the qualitative HPLC-MS
analysis of the reference and irradiated samples after the
An þ Ln co-extraction and TRU stripping of the irradiation test
loop (200, 500 and 540 kGy, respectively), where eight of the
main typical TODGA DCs [10,12,34,35] and six of the DMDOHEMA
DCs [28,46] can be identified, and which structures are shown in
Fig. 11A and Fig. 11B, respectively. Moreover, three new signals
(shown as stars in Fig. 10) have been identified as possible
undescribed DCs (m/z ¼ 383.3, r.t ¼ 7.10 min, possible chemical
formula [C22H42N2O3þH]þ; m/z ¼ 400.2, r.t ¼ 7.75 min, possible
chemical formula [C23H45NO4þH]þ; and m/z ¼ 498.3,
r.t ¼ 11.55 min, possible chemical formulas [C28H51NO6þH]þ or
[C29H56NO5þH]þ; some of the possible hypothetical DCs struc-
tures matching with new signals are shown in Fig. 11C). The
formation of these new possible DCs could be attributed to better



Fig. 10. Qualitative HPLC-MS chromatograms of EURO-GANEX solvents obtained along
the irradiation test loop: (A) fresh or reference sample, and irradiated in contact with
5 mol/L HNO3 at (B) 200 kGy; (C) 500 kGy; (D) 500 kGy and other 40 kGy in contact
with 0.018 mol/L SO3-Ph-BTP in 0.5 mol/L HNO3. (Note: Since TODGA DC VI appears at
the same time as DMDOHEMA, the signal is overlapped and therefore it is shown in
that way.)

Fig. 11. Structures of (A) TODGA and (B) DMDOHEMA with their respectives DCs, and
(C) Hypothetical structures for the new signals found by HPLC-MS.

Fig. 12. HPLC-MS quantitative analysis of different TODGA DCs when EURO-GANEX
solvent is irradiated in the irradiation test loop with 5 mol/L HNO3 at 200 and
500 kGy in the An þ Ln co-extraction step.
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contact between phases and a higher oxygen content during the
irradiation process as a consequence of the dynamic conditions.
The appearance of new peaks is in agreement with our recent
works [23,24], where the presence of new hypothetical TODGA
DCs was reported when the irradiation occurs in static conditions
but with a higher oxygen content using an air sparging flow.

The quantification of TODGA DCs was carried out, whereas for
the DCs of DMDOHEMA it was not possible due to the unavailability
of isolated products in order to create calibration curves. Fig. 12
shows the quantification of TODGA DCs: I, III, IV, V and VI by
HPLC-MS for samples irradiated at 200 kGy and 500 kGy. The other
DCs are not shown because their concentrations were lower than
the LOD. An increase of all DCs concentrations as a function of the
absorbed dose in our studied conditions can be observed, as a
consequence of TODGA degradation. Typically the DCs IV, V and VI
are the most abundant due to the radiation effect over the weakest
bonds of TODGA (C-Oether and N-C) [34,35]. However, from the
results observed in Fig. 12, it can be seen that under the current
irradiation test loop conditions, the proportion of the main DCs
changes, with I, III and IV being the majority. These results are also
in agreement with our previous work, where the TODGA-based
solvent in contact with nitric acid was irradiated using an air
sparging flow [23,24]. One of the conclusions of that study was that
a higher oxygen content or better mixing between phases favored
the degradation pathway to form I and III over V and VI. The current
similar results could corroborate that hypothesis. Therefore, the
high presence of the DCs and their possible accumulation during
the process should be considered for the development of the clean-
up strategies for the EURO-GANEX process.

The radiolytic degradation of SO3-Ph-BTP was also analyzed by
QRS. The spectra of the irradiated samples, fitted curves and cali-
bration curves are shown in Appendix A of the ESI. Fig.13 shows the
SO3-Ph-BTP concentration decreases as a function of absorbed
dose, i.e., approx. 65% is lost at 40 kGy. This degradation seems
higher than that observed in the literature (see Table 6), but the
quantification of this molecule has given place to controversial
results. As Table 6 clearly shows the extent of degradation can vary
from 0 to 65% over 40e200 kGy. The main appreciable differences
in all of these studies are the method of irradiation and the method
of measurement. The work presented here uses a dynamic irradi-
ation as expected on plants and a direct quantification of the mo-
lecular backbone, therefore, these results could offer greater insight
to the effect of radiation on extraction systems containing SO3-Ph-



Fig. 13. SO3-Ph-BTP concentration obtained by Raman spectroscopy as a function of
absorbed dose for the irradiation test loop of the TRU stripping step.
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BTP. From the results obtained in this experiment, the SO3-Ph-BTP
degradation follows a kinetic law of order 1 with respect to the
pyridine concentration. This kinetic degradation constant k' has
been calculated to be 0.023 kGy�1. This result of SO3-Ph-BTP
degradation obtained during the current design test loop demon-
strates that this compound is very susceptible to degradation under
the studied radiation conditions, in agreement with the studies
found in the literature [23,37,38,48], and highlights the importance
of fitting the experimental conditions during the experiment
where, in this case, the degradation observed is slightly higher than
previous studies.

4. Conclusions

In this work, an irradiation test loop has been developed for the
first time that combines the advantages of simple static irradiation
experiments with those of sophisticated irradiation dynamic
plants, providing an easy modification of settings with a really low
volume requirement. This new design allows the simulation of
process relevant conditions such as the composition of phases, the
contact between phases involved, the oxygen content and the dose
expected for each phase. This new irradiation loop implemented at
the N�ayade irradiation facility at CIEMAT has been initially
Table 6
SO3-Ph-BTP degradation obtained at different conditions (irradiation, concentrations) for
work.

Authors SO3-Ph-BTP degradation Irradiation
condition

Phases comp

Gal�an et al., 2014 [37] 50% 50 kGy
Static
Only aq. phase

Org: None;
HNO3

S�anchez-Garcia et al., 2020
[38]

50% 50 kGy
Static
Only aq. phase

Org: None;
HNO3

S�anchez-García et al., 2020
[23]

60% 200 kGy
Static
Two phases

Org: 0.2 mo
Aq: 18 mmo

Peterman et al., 2016 [18] No appreciable
degradation

170 kGy
Dynamic
Two phases

Org: 0.2 mo
Aq: 18 mmo

This work 65% 40 kGy
Dynamic
Two phases

Org: 0.2 mo
OK
Aq: 18 mmo
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developed for assessing the performance of the two main steps of
the EURO-GANEX process (An þ Ln co-extraction and TRU strip-
ping), under the most relevant and realistic experimental condi-
tions in an easy and adaptable way.

The first step of the loop simulates a long-term irradiation
(500 kGy) of the EURO-GANEX solvent in contact with a high nitric
acid concentration, which corresponds to many consecutive cycles
of An and Ln co-extraction, maintaining an excellent extraction
performance for An and Ln. The monitoring during the first irra-
diation step of the different effects of gamma radiation over the
system (stainless steel corrosion, acidity, ligand concentration and
presence of degradation compounds) still revealed a situation
which should work in a process. Fortunately, the scrubbing section
introduced between the first and second irradiation steps of the
loop was effective in reducing the proton concentration and
removing some of the corrosion metals extracted into the organic
phase that were produced during the irradiation of the system
(with the SS test loop). These optimal results have been obtained
despite a not insignificant decrease in TODGA and DMDOHEMA
concentration and the formation of their degradation compounds.
In that sense, small differences between static and dynamic ex-
periments can be highlighted. There was a lower degradation of
TODGA and DMDOHEMA in dynamic experiments and small dif-
ferences in the proportions of the well-known DCs and even the
presence of new, as yet unidentified, ones. All of which can be
attributed to the greater contact between phases and a higher ox-
ygen content.

The second irradiation step looks to corroborate and extend our
stability studies strategy based on TODGA/SO3-Ph-BTP systems,
which are highly affected by the experimental conditions chosen, to
the TODGA-DMDOHEMA/SO3-Ph-BTP system in dynamic condi-
tions. An unexpected high DAm(III) value was observed from the
beginning of the experiment, creating an ineffective separation
between An and Ln. This phenomenon could be attributed to the
presence of corrosion products, the variation of pH or the ligand
degradation.

The additional experiments performed to check a possible role
of corrosion metals presence in the Am stripping by SO3-Ph-BTP
have revealed a positive correlation between the Fe, Cr and Ni
concentrations and the DAm(III) increase. However, the increase re-
ported in the acidity can not be ignored either.

The analysis of the SO3-Ph-BTP concentration showed a pro-
gressive decrease as a function of the absorbed dose (obtaining a
dose constant (k') of 0.023 kGy�1). Although this result is in
agreement with the trend observed for DAm(III) after irradiation, the
different authors by using different methods compared with the one obtained in this

osition Method

Aq: 10 mmol/L SO3-Ph-BTP in 0.5 mol/L Estimated by DAm correlation

Aq: 18 mmol/L SO3-Ph-BTP in 0.5 mol/L Quantified by QRS

l/L TODGA in OK
l/L SO3-Ph-BTP in 0.5 mol/L HNO3

Estimated by DAm correlation

l/L TODGA/5% in 1-Oct/dodecane
l/L SO3-Ph-BTP in 0.5 mol/L HNO3

Sulfate quantification by Ion
chromatography

l/L TODGA þ 0.5 mol/LDMDOHEMA in

l/L SO3-Ph-BTP in 0.5 mol/L HNO3

Quantified by QRS
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unexpected DAm(III) value could be explained as the result of a
mixture of factors that can not be isolated, such as pH variations,
corrosion metals presence or variations of system composition, but
not due to SO3-Ph-BTP degradation. Further technical adjustment
of loop experiments and analysis is still needed to extract final
conclusions about TRU stripping step stability. Nevertheless, from
these results, it can be stated that after 40 kGy, the remaining
concentration of SO3-Ph-BTP should be enough to preserve an
effective separation between An and Ln; although this will also
require an exhaustive control of other effects of radiation (pH, DCs,
etc.) to ensure an optimal operation during EURO-GANEX process.
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