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Abstract

N,N,N’,N’-tetraoctyl diglycolamide (TODGA) is a potential extractant for the co-extraction of lanthanides and actinides
in high-level liquid waste. In this study, the radiolysis and extraction properties of TODGA in kerosene solvents contacted
with the aqueous phase of varying HNO; concentrations were systematically investigated, and the complexation mechanism
was analyzed in conjunction with density functional theory (DFT) calculations. After y-irradiation, the variation of TODGA
concentration was detected, and the variation trends in the relative content of radiolysis products (RPs) with sample type and
absorbed dose were demonstrated. Results indicated that the breaking of the amide bond, ether bond, and C,);3.—C.er bOnd
was the primary radiolysis routes. The aqueous-phase precipitate was studied as a potential new mode of TODGA radiolysis
in ultrapure water aqueous phase. Moreover, TODGA/kerosene exhibited excellent extraction capabilities for lanthanides even
after absorbing 100 kGy, and HNO; can maintain a portion of TODGA’s extraction capacity. The DFT method was applied to
calculate and evaluate the complexing ability of TODGA and some of its RPs toward lanthanides. The results revealed that
the complexing ability of TODGA for Ce(III), Eu(IlI), and Dy(IIl) was enhanced successively, and the complexing ability
of the RPs with intact oxygen-containing structures could not be neglected.
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1 Introduction

With the development of human society, the demand for
nuclear energy is increasing rapidly. High-level liquid
waste (HLLW), which is generated from the reprocessing
of spent nuclear fuel [1-3], contains a considerable quan-
tity of minor actinides (e.g., Np, Am, and Cm) and other
fission products [4-6]. Actinides exhibit exceedingly long
half-lives, posing persistent radiological hazards to the
environment [7]. Various process flows such as TRPO,
DIDPA, TRUEX, and DIAMEX have been proposed for the

This research was technically supported by Instrumental Analysis
Center, Shanghai Jiao Tong University.

< Yan Wu
wu_yan@sjtu.edu.cn

Institute of Nuclear Fuel Cycle and Materials, School
of Mechanical Engineering, Shanghai Jiao Tong University,
Shanghai 200240, China

separation and extraction of actinides from HLLW [8-11].
The nature of HLLW is complex because of its intense radio-
activity, high thermal release, and strong acidity [12, 13].
The complexity of HLLW imposes stringent requirements
on the separation materials for actinides. In recent years,
considerable research has focused on amide ether extractants
because of their robust extraction capabilities for actinides
and their conformity to the “C, H, O, N principle [14, 15].
N,N,N’,N’-tetraoctyl diglycolamide (TODGA), a notable
tridentate ligand extractant (Fig. 1) that enhances metal ion
coordination by utilizing a carbonyl group and ether oxygen
atoms [16-18], is broadly studied.

TODGA has been extensively explored for many sepa-
ration processes, including the EURO-GANEX pro-
cess [19-21] and the i-SANEX process [22-24], and it
exhibited great efficacy for the extraction of actinides in
acidic environments. Considerable recent research has inves-
tigated the radiolysis and extraction properties of TODGA
in various organic solvents and ionic liquids [25]. Moreo-
ver, during extraction, TODGA could form a third phase
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Fig.1 TODGA structure

because of the splitting of the organic phase [26], which
impedes the extraction. TBP, DHOA, octanol, and decanol
can mitigate third-phase formation as phase modifiers [27].
Given the high radiation produced by actinides and the
other fission products contained in HLLW, the radiolysis of
TODGA occurs to some extent with the formation of radi-
olysis products (RPs), which can detrimentally affect the
extraction efficiency of metal ions. The impact of distinct
diluent compositions on the radiolysis of TODGA exhibits
a diverse range of outcomes. In general, n-dodecane (nDD)
is a broadly selected option to dilute TODGA with various
phase modifiers [27, 28]. Hydrogenated tetrapropylene [29],
iso-paraffins C,3—C,, [30, 31], and ionic liquids ([C,mim]
[NTT,] [25, 32, 33] and [N5gg][NO;] [34, 35]) are also used
as organic solvent for TODGA. During irradiation in these
solutions, the extent and form of radiolysis undergone by
TODGA are dependent upon the solvent in question. For
example, nDD exerts a sensitization effect on the radioly-
sis of TODGA, as well as phase modifier 1-octanol [36].
However, the radiolysis dose constants of TODGA in [N ggs]
[NO;] diluent are around four times lower than those in nDD
diluent with the same y energies, dose rates, and absorbed
doses [34]. The attack of TODGA by diluent radicals (H-,
CH;., CH;(CH,)nCH,-, etc.) is the most likely radiolysis
mechanism, which subsequently results in the breaking
of TODGA'’s bonds. The amide bond, ether bond, and
Cimide—Cetner bONd are more inclined to fracture than the
other bonds of TODGA, and the cleavage of the octyl side
chain is a radiolysis form [16]. The nature of the radicals
produced by solvents varies with the specific solvent in use,
resulting in the different radiolysis pathways of TODGA.
Apart from the aforementioned solvents, high-purity
kerosene is also a viable and cost-effective organic sol-
vent, and it is extensively applied in industrial processes
to dilute TODGA. TODGA has been developed for many
years as supported by many European Union Framework
Programme-funded consortia [37]. In these programs, the
TODGA/kerosene system was mostly selected for the extrac-
tion of trivalent metal ions from the HNO; solution [38].
The i-SANEX process was conducted using TODGA as the
extracting species in a kerosene-based diluent with 1-octanol
as the phase modifier [39, 40]. The design improvements
for the EURO-GANEX process were proposed on the basis
of the research of actinide separation using kerosene as the
diluent [41, 42]. Moreover, the CHON-UNEX process was
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designed using TODGA dissolved in kerosene to co-extract
trivalent actinides and lanthanides [43]. These studies dem-
onstrate the practicality and cost-effectiveness of kerosene
as a diluent for TODGA. In these kerosene-based research
systems, the determination of extraction conditions is neces-
sary. However, theoretical data patterns to guide the design
and conduct extraction are lacking because of the absence of
systematic studies on the radiolysis and extraction properties
of TODGA in kerosene systems. Similarly, the generation
and semiquantitative analysis of the RPs of TODGA in two
phases under kerosene solvents have seldom been studied.
Thus, assessing the stability of TODGA under ionizing irra-
diation conditions and determining the effect of kerosene
solvents on TODGA are necessary to facilitate the further
application of TODGA/kerosene.

Furthermore, as HNO; is an essential part of solvent
extractions performed in the reprocessing of spent nuclear
fuel, predicting that its effect on the radiolysis of TODGA
is crucial [28]. In some previous studies, HNO; was shown
to be able to facilitate the radiolysis of TODGA as a sen-
sitizer [44, 45]. On the contrary, HNO; seemed to have no
evident effect [16], or it showed a protective effect [29].
Therefore, conducting a systematic and comprehensive
investigation into the radiolysis and extraction properties of
TODGA is of great importance when utilizing kerosene as
a diluent with aqueous-phase HNO;. In addition, elucidating
the relationship between the concentration of HNO; and the
radiolysis of TODGA in kerosene solvents is crucial, a topic
that has not been extensively explored.

Moreover, TODGA can co-extract some fission products,
including Ni, Sr, Zr, Ru, Mo, and Pd, with lanthanides and
actinides [37]. Considering the chemical similarity between
trivalent lanthanides and minor actinides, the lanthanides
Ce(III), Eu(III), and Dy(II) were selected as representative
extraction targets, encompassing light, medium, and heavy
elements of the lanthanides, to assess the extraction perfor-
mance of TODGA/kerosene.

Therefore, this study aimed to explore the impact of
HNOj; concentration and absorbed dose on the radiolysis
performance of the TODGA/kerosene/HNO; system and
its extraction efficiency for rare-earth elements contained
in simulated solution mixed with other fission product ele-
ments. In addition, the presence of RPs in the aqueous phase
was identified and subjected to semiquantitative analysis,
in a manner consistent with that used for the organic phase.
During irradiation, the TODGA/kerosene/ultrapure water
system yielded some white precipitates, which were sub-
jected to further detection and analysis in this study. Fur-
thermore, variations in the extraction efficacy of TODGA
are found among the lanthanides, and then, density func-
tional theory (DFT) calculations were performed to assess
the complexing ability of TODGA toward the lanthanides
Ce(III), Eu(Ill), and Dy(III) in a quantitative manner. A
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comparison was conducted between the DFT calculations
and the experimental results to verify the changes in the
affinity of TODGA for lanthanides. This method can also
be used to evaluate the extraction performance of TODGA
for actinides. Some RPs of TODGA also exhibited a residual
extraction capacity that could not be evaluated directly, but it
could be calculated using the DFT method to initially deter-
mine the difference in extraction performance between the
individual RPs and to assess and compare the complexing
ability of these RPs for the same extraction target.

2 Experimental
2.1 Reagents

TODGA (= 90%) was synthesized in our laboratory in
accordance with the previous literature [46]. Low-odor
kerosene was purchased from Alfa Aesar A Johnson Mat-
they Company. Ni(NO;), -6H,0, St(NO3),, Ce(NO;);-6H,0,
Eu(NO;);-6H,0, and Dy(NO;);-5H,0 were all obtained
from Sinopharm Chemical Reagent Co., Ltd. Unless other-
wise stated, all chemicals were analytically pure and were
not further purified.

2.2 Solution preparation

TODGA was diluted to 0.05 mol/L using kerosene for irra-
diation and extraction test. The prepared TODGA/kerosene
solution was injected into the glass headspace vial and then
contacted with various HNOj; concentrations. The organic
and aqueous phases were 2 mL in volume. The specific sam-
ple information is shown in Table 1.

2.3 Gamma irradiation
All samples were irradiated by a ®°Co-y source (3.7x10'° Bg,

Shanghai Institute of Applied Physics, Chinese Academy of
Sciences) in the air at room temperature (25 + 5 °C). The

Table 1 Irradiation samples of TODGA under various conditions

Sample  Organic phase Aqueous phase Absorbed dose
Tl /

T2 Ultrapure water

T3 TODGA/kerosene 0.5 mol/L HNO;  10-1000 kGy
T4 3.0 mol/L HNO,

T5 4.0 mol/L HNO,

absorbed dose ranged from 10 to 1000 kGy with a dose rate
of 5.8 kGy/h, as determined by a Fricke dosimeter.

2.4 UPLC-QTOF-MS measurements

Ultra-high-performance liquid chromatography (UPLC;
Acquity UPC2, Waters, USA) and quadrupole time-of-
flight mass spectrometry (QTOF-MS; Xevo G2-XS QTOF,
Waters, USA) were utilized to quantify the concentration
of TODGA and semiquantitatively analyze the RPs. The
organic and aqueous phases were detected. The samples
before and after irradiation were diluted by a factor of 1
x 10% (aqueous phase, diluted in ultrapure water) and 1 X
10% (organic phase, diluted in methanol). The specific meas-
urement condition settings are presented in the following
paragraph.

UPLC was conducted using an Acquity UPLC BEH C8
liquid chromatography column (1.7 pm, 2.1 mm X 100 mm)
at 45 °C to separate components. The organic mobile phase
was acetonitrile with formic acid (0.1% v/v), and the aque-
ous mobile phase was ultrapure water with formic acid (0.1%
v/v). The mobile-phase flow rate was 0.4 mL/min with a
2 pL injection volume. The mass spectrometer conditions
were as follows: desolvation temperature, 450 °C; source
temperature, 120 °C; desolvation gas flow, 800 L/h; capil-
lary voltage, 2.0 kV; electrospray ionization source, posi-
tive mode; and mass spectrometry scanning range (m/z),
50-2000. The data were processed using the Waters UNIFI
Scientific Information System, and the mass target match
tolerance was less than 5 ppm.

2.5 Extraction experiments

The extraction solutions comprised Ni(Il), Sr(II), Ce(IIl),
Eu(III), and Dy(III) at a concentration of 100 pg/mL in 3.0
mol/L HNO;. Then, 1 mL organic-phase sample was mixed
with the extraction solutions at a phase volume ratio of 1:1
using a vortex mixer (Vortex-2, Shanghai Huxi Industry
Co., Ltd., Shanghai) at 25 °C and a speed of 2000 rpm.
The concentrations of metal ions were confirmed using the
Inductively Coupled Plasma-Atomic Emission Spectroscopy
(ICPS-7510, Shimadzu, Japan). Furthermore, a loading test
for Ce(Ill), Eu(Ill), and Dy(III) by TODGA was performed
at concentrations ranging from 100 to 1400 pg/mL.

2.6 DFT calculations

All DFT calculations were carried out using the Gauss-
ian 16 program package [47-49], and the structures were
drawn in Gaussian View 6.0 software [50]. The theoretical
level of B3LYP/6-31 G(d) was applied to the optimization
and frequency calculations of TODGA and its RPs. For
the complexation of ligands and the lanthanides (Ce(III),
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Eu(III), and Dy(IIl)), the PBEO functional can well reflect
the interaction of the transition metal complexes [51]. The
Ce(III), Eu(III), and Dy(III) atoms were handled using the
Stuttgart and Dresden quasi-relativistic effective core poten-
tials ECP47TMWB, ECP52MWB, and ECP55MWB, respec-
tively, considering the relativistic effects of the lanthanides.
Moreover, the 6-31 G(d) basis set was applied to the light
atoms C, N, O, and H. Therefore, the optimization and fre-
quency calculations of complexation were performed at the
theoretical level of PBE0/6-31 G(d)/RECP, considering the
DFT-D3(BJ) dispersion corrections.

The optimization and frequency calculations of triva-
lent lanthanide complexes with TODGA or TODGA’s RPs
ligands were particularly time-consuming [52]. Therefore,
we used tetramethyl diglycolamide (TMDGA) to replace
TODGA; that is, the octyl structures of TODGA and its
RPs were substituted with methyl. In accordance with pre-
vious research, the stoichiometric ratio of the ligands and
trivalent lanthanides was predominantly 3:1 [28], and the
nitrates were also considered. The binding energy (E), Gibbs
free energy (G), and enthalpy (H) were calculated under
gas-phase conditions at 298.15 K with the same theoretical
level. The Ln(IIT)-O bond length of complexes, the highest
occupied molecular orbital (HOMO), and the lowest unoc-
cupied molecular orbital (LUMO) of TODGA and RPs
were analyzed on the basis of the optimized structures and
frequency calculation results. In addition, the electrostatic
potential mapping (ESP) of TODGA and RP analyses were
performed using the Multiwfn (version 3.8(dev)) wave-
function processor [53-55], and the results of ESP mapping
were visualized by using Visual Molecular Dynamics (VMD
1.9.3) package [56].

3 Results and discussion
3.1 Quantitative analysis of TODGA

The concentrations and radiolytic stability of TODGA
were detected and evaluated by using UPLC—QTOF-MS.
As shown in Fig. 2, the concentrations of TODGA varied
with the type of aqueous phase and absorbed dose. The
decrease in TODGA concentration was not severe as doses
of up to 100 kGy were absorbed. However, the concentra-
tions of TODGA differed significantly among samples, and
they were higher in the presence of HNOj; at the absorbed
dose of 500 and 1000 kGy, indicating that HNO; can protect
TODGA against the y-radiolysis. In addition, the protective
effect was stronger at a higher HNO; concentration. Moreo-
ver, ultrapure water accelerated the radiolysis of TODGA
compared with the other samples, reaching a radiolysis
degree of approximately 80% at 1000 kGy.
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Fig.2 (Color online) Concentrations of TODGA under various con-
ditions

Apart from the direct radiolysis of TODGA by y-irradia-
tion, which also results in the formation of radicals and RPs
of the kerosene diluent, the radiolysis of alkanes in kerosene
is represented by Eq. (1) [57].

CH5(CH,)nCH; «» y « CH;(CH,)nCH;-*

1
+CH,(CH,)nCH, - + - CH; + H - +H, M

The radicals have active redox properties, and they directly
attack the structure of TODGA by transferring electrons
or positron holes. However, numerous radicals and certain
RPs of HNO;, including HNO,, NO3, ‘NO;, H-, and -OH,
are produced in the aqueous phase. These species engage in
reactions with the radicals generated from the kerosene dilu-
ent, thereby diminishing the interactions between the radi-
cals and TODGA. Consequently, the radiolysis of TODGA is
inhibited, illustrating the protective effect exerted by HNO;.

In this study, the radiation-chemical yields (G,) of
TODGA in all samples at the absorbed doses of 10-1000
kGy were determined, and the results are presented in
Table S1. Results demonstrated a gradual decrease in G, of
TODGA with the increase in absorbed dose under the same
aqueous-phase conditions. Furthermore, the G, values of the
TODGA systems under nitric acid conditions were approxi-
mately 27.0 nmol/J at 500 kGy and 24.5 nmol/J at 1000
kGy, which were about 40% lower than those of the systems
without nitric acid at the same absorbed doses, indicating
the protective effect of nitric acid at a high absorbed dose.
In addition, the G, values of TODGA in kerosene solvent
are approximately an order of magnitude lower than those
observed in nDD solvent, as reported in previous studies [28,
58].
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To investigate the effects of organic solvent and absorbed
dose on the radiolysis of TODGA, comparative analysis is
presented in Table S2. This analysis indicates that the pres-
ence of kerosene may slow down the radiolysis of TODGA
compared with that observed for nDD and ionic liquid
[N533][NO;]. Kerosene, comprising a combination of vari-
ous alkanes, generates free radicals in a more intricate and
varied manner than nDD and ionic liquids. The reactivity of
these free radicals may facilitate interactions among them,
thereby reducing the direct attacks on the TODGA structure.
Consequently, the radiolysis degree of TODGA is dimin-
ished in comparison with other systems. The use of kerosene
solvents may contribute to a stable extraction environment
for TODGA, enhance its utilization, and lower the costs
associated with industrial applications.

3.2 Semiquantitative analyses of RPs

By using high-resolution MS and analyzing its detection
results, Table S3 shows 18 potential RPs of TODGA and
their molecular formula and neutral mass information. Semi-
quantitative data were obtained from the chromatographic
peak areas of [M+H"] (M is the detected compound, and H*
is the adduct) ions, representing the relative concentration
of RPs. The ionization potential of different molecules var-
ies, resulting in different ionization efficiencies, which leads
to semiquantitative results. In addition, the results of the
peak area data are shown in Fig. 3 with normalized detec-
tor counts, as a function of the absorbed dose and the type
of aqueous phase. This result indicates whether the mol-
ecules were already present in the unirradiated samples or
were formed because of y-irradiation. The intensities of the
[RP8+H*] and [RP13+H*] peaks were lower than the noise
threshold; therefore, RP8 and RP13 are not visible in Fig. 3.
Some RPs were detected in the unirradiated samples, such
as RP1, RP4, RP7, RP9, RP12, and RP18. Dioctylamine is
the raw material for the synthesis of TODGA [59]; thus,
RP1 also existed as an impurity in TODGA solutions before
irradiation. RP7 might be formed by RP1 oxidation. After
absorbing a low dose of y-irradiation (less than 100 kGy),
the [M+H*] peak areas of RP4, RP9, and RP12 increased.
Therefore, these three RPs were present in small amounts
as by-products during the synthesis of TODGA, but more of
them were produced because of y-irradiation [60].

The dominant variation trends in the relative contents of
RPs initially increased and then decreased with the increase
in absorbed dose. The turnaround in trends mainly occurred
at the absorbed doses of 100 or 500 kGy. The contents of the
RPs increased with the aggravation of TODGA radiolysis
and decreased as a consequence of self-radiolysis. However,
the contents of RP3, RP5, RP10, and RP15 mainly showed
a continuously increasing trend with the increase in the

absorbed dose. Furthermore, the production of different RPs
and their relative content were affected in varying ways by
the presence or absence of HNO; and the HNO; concentra-
tion in the aqueous phase. For example, the variation trend
of RP12 was dramatically altered by high concentration (3.0
and 4.0 mol/L) of HNO;.

The contents of RP4, RP16, RP17, and RP18 were rela-
tively higher in the presence of HNOj; as subjected to a high
absorbed dose (> 200 kGy), whereas RP11 and RP14 exhib-
ited a relatively lower concentration. The structures of RP4,
RP16, and RP17 are similar to the structure of TODGA, and
the distinctions occur in the octyl moiety chain. The forma-
tion of RP16 is related to the oxidation effect of HNO; or its
RPs on the C—C bond in octyl near the N atom. In addition,
the formation of RP17 is probably due to the interaction
between the C atom in the C,,,~N bond and NOj. The low
contents of RP11 and RP14 in the presence of HNO; dem-
onstrate that the cleavage of the C,;3.—C.uer bond and C-O
ether bond is inhibited by HNO,. Moreover, RP11 would be
oxidized to RP18 by HNO; or its RPs, similar to the forma-
tion of RP16. Thus, the content of RP18 was higher with
HNO;, whereas the content of RP11 was lower.

The contents of RP1, RP3, RP7, RP9, RP10, and RP15
were relatively lower in the presence of high HNO; concen-
trations as subjected to a high absorbed dose, whereas RP5,
RP6, and RP17 exhibited a relatively higher concentration.
RP1, RP3, and RP10 were generated from the breaking of
the amide bond, ether bond, and C,);j.—Cer bONd, respec-
tively. Then, the oxidation of octyl in RP1 and the breaking
of the Cy,;~N bond in RP3 and RP10 separately lead to the
formation of RP7, RP15, and RP9.

Based on the above-mentioned results and analysis, the
prime radiolysis pathways of TODGA are the rupture of the
amide bond, ether bond, C,;iqe—Cegper bond, and C ;=N
bond, whereas the breaking of these bonds is inhibited by the
high concentration of HNO;. However, the octyl structure of
TODGA would be oxidized by HNO;, a different degrada-
tion pathway. Meanwhile, some RPs are subjected to further
radiolysis, and they undergo structural alterations, resulting
in the formation of novel RPs.

Four RPs (RP5, RP7, RP9, and PR15) were identified
and semiquantitatively analyzed in the aqueous phase, and
the results of the peak area data are shown in Fig. 3g—t. The
content variations of RP5, RP7, and RP9 were evident in the
presence of a high concentration of HNO;, which increased
in the range of 0-50 kGy and decreased within 50-100 kGy
under 4.0 mol/L HNO;. However, the content of RP15 was
higher in the sample of ultrapure water and 0.5 mol/L HNO;,
indicating that the creation of RP15 was inhibited by the
high concentration of HNO;. This finding is attributed to the
fact that the lipophilic and hydrophilic properties of digly-
colamide compounds can be altered by the attachment of
different alkyl side chains to N atoms [61]. For example,
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Fig.3 (Color online) Results of semiquantitative analyses of radi-
olysis products of TODGA in organic and aqueous phases. a RP1,
organic phase; b RP2, organic phase; ¢ RP3, organic phase; d RP4,
organic phase; e RP5, organic phase; f RP6, organic phase; g RP7,
organic phase; h RP9, organic phase; i RP10, organic phase; j RP11,
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Fig.3 (continued)

TMDGA, tetraethyl diglycolamide, and tetrapropyl digly-
colamide are water-soluble ligands, exhibiting high hydro-
philicity with short alkyl chains and lower C/O ratios in their
structures than TODGA. In our study, by detecting these four
RPs in the aqueous phase, the breaking of the octyl group
and the attachment of O atom in the structure of TODGA
and its RPs reduce the hydrophobicity of these four RPs with
relatively low C/O ratios. Consequently, the four RPs were
detected in the aqueous phase in minute quantities.

Based on the identified RPs of TODGA, the radioly-
sis routes of TODGA in kerosene solvent are illustrated
in Fig. 4. As TODGA has a symmetric structure, the five
radiolysis routes labeled in the figure also occur at their

symmetric sites. The route (e) represents the chemical reac-
tions occurring on the octyl moiety.

There is another noteworthy phenomenon that deserves
to be discussed. As shown in Fig. 5, a part of white pre-
cipitates was observed at the system of TODGA/ultrapure
water in aqueous phase after irradiation. The white pre-
cipitate became more pronounced as the absorbed dose
increased, and the aqueous phase became saturated with
the precipitate as the absorbed dose exceeded 50 kGy.
Following the separation of the two phases, the aque-
ous phase containing the precipitate was subjected to
centrifugation to obtain a faint yellow solid powder.
Afterward, the powder was redissolved and detected by
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Fig.4 (Color online) The
possible radiolysis routes of
TODGA in kerosene contacted
with nitric acid solution
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Fig.5 (Color online) Precipitate in the ultrapure water aqueous phase
under various absorbed doses

UPLC-QTOF-MS and the mass-to-charge ratio result
was identical to that of TODGA, indicating that TODGA
was likely the primary component of the precipitate. The
above-mentioned findings indicated that the radicals gen-
erated in the aqueous phase may have interacted with the
kerosene solvent and TODGA, resulting in the precipi-
tation of TODGA. However, in the presence of HNO;,
the precipitate might be inhibited by the radicals gener-
ated from HNO; or dissolved by H*. The precise cause
of the precipitate formation remains to be elucidated
and requires further investigation. This phenomenon
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explains why the radiolysis degree of TODGA is high-
est in ultrapure water samples at a high absorbed dose.
Therefore, in the event of high-radiation fields and doses,
the impact of precipitation on the efficacy and security of
the extraction can be avoided under acidic aqueous-phase
conditions.

3.3 Effects of gamma irradiation on extraction
experiments

The organic phases of samples T1-T4 before and after
irradiation were applied to extract Ni(Il), Sr(II), Ce(III),
Eu(1I), and Dy(III) from 3.0 mol/L HNOj solution to evalu-
ate the effects of y-irradiation on the extraction properties
of TODGA. The extraction rates of these metal ions were
calculated, and the results are shown in Fig. 6. TODGA
exhibited a low extraction capacity for Ni(II) at any absorbed
dose and for all sample types. The extraction rates of Sr(Il)
decreased from approximately 30% to less than 5% as the
absorbed dose increased. However, TODGA exhibited a high
extraction capacity for Ce(Ill), Eu(IIl), and Dy(III), with
extraction rates of approximately 100% observed in all sam-
ples within the absorbed dose of 100 kGy. Then, a notable
decline in the extraction rates of Ce(III), Eu(IIl), and Dy(IIT)
was observed as the absorbed dose reached 1000 kGy, and
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Fig.6 (Color online) Extraction results of Ni(Il), Sr(II), Ce(III), Eu(IIl), and Dy(III) under various conditions
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the four types of samples exhibited discernible differences.
The extraction ability of TODGA was partially maintained
as the concentration of HNO; increased. In addition, the
results demonstrated that TODGA exhibited a higher affin-
ity for Eu(IIl) and Dy(III) than Ce(III).

Loading test investigations were conducted with sample
T1 (without aqueous phase) at an absorbed dose of 500 kGy.
As illustrated in Fig. 6f, with the increase in Ce(III), Eu(III),
and Dy(III) concentrations, the extracted concentrations
exhibited a gradual increase and reached equilibrium. The
maximum extracted concentrations of Ce(III) and Eu(III)
were approximately 350 pg/mL, exhibiting a reduction of
approximately 88% after absorbing 500 kGy of y-irradia-
tion. The maximum extracted concentration of Dy(IIl) was
approximately 550 pg/mL, and a reduction of approximately
75% was observed after irradiation. In addition, TODGA
demonstrated a higher capacity for Dy(III) than Ce(III) and
Eu(III).

3.4 UPLC-QTOF-MS results of TODGA complexes
with Eu(lll)

Following the complexation of Eu(IIl) in extraction experi-
ments without irradiation, the organic phase was separated,
and the complexation form of TODGA with Eu(IIl) was
detected using UPLC—QTOF-MS. The MS results are
presented in Fig. S1. The ions observed at m/z = 1438.0
and 2018.5 were assigned to [Eu(TODGA),(NO,),]* and
[Eu(TODGA);(NO,),]", respectively, and they correspond
to complexes formed between TODGA and Eu(IIl). These
ions were consistent with the Eu:TODGA stoichiometries
reported in the previous work [62—64], indicating the pres-
ence of two types of EuiTODGA complexes with 1:2 or
1:3. Based on these results, the complexation of TODGA
with trivalent lanthanides was studied using DFT theoreti-
cal calculations.

3.5 DFT calculations of the complexation of TODGA
and RPs with trivalent lanthanides

To further investigate and verify the extraction ability of
TODGA and its RPs, the structural properties and compl-
exation reactions of TODGA and RPs with Ce(III), Eu(IIl),
and Dy(III) were studied by DFT calculations. Table S4 pre-
sents the changes in binding energy (AE), Gibbs free energy
(AG), and enthalpy (AH) for the complexation reactions
of TMDGA with Ce(IlI), Eu(IIl), and Dy(III), and nitrates
were considered in the reactions. The results indicate that
all AH values are negative, illustrating that the three compl-
exation processes are exothermic and could occur spontane-
ously. The complexing ability of TODGA toward Ce(III),
Eu(III), and Dy(III) is notable, and nitrates play a role in
this process. Furthermore, AG can be used as an indicator
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of the likelihood of a chemical reaction occurring and the
stability of products formed during chemical reactions. The
more negative the value of AG, the higher the likelihood
of spontaneous product formation from reactants. This
results from the release of chemical reaction energy or the
increase in entropy of the system as the reaction progresses.
Consequently, the reaction rate is typically faster, and the
reactants are readily converted into stable products [65,
66]. In this study, the complexing ability of TODGA toward
Ce(III), Eu(III), and Dy(III) was enhanced sequentially, as
indicated by the decrease in AG of the complexation reac-
tions that yielded the complexes Ce(TMDGA);(NO;);,
Eu(TMDGA);(NO;);, and Dy(TMDGA);(NO;);, respec-
tively. In addition, the loading test results demonstrated that
the loading capacities of TODGA for Ce(IlI), Eu(IIl), and
Dy(I1I) increased gradually, which was consistent with the
variation trend of the AG values.

The complexing abilities of TODGA toward triva-
lent lanthanides are also reflected by the changes in the
Ln(II1)-O bond lengths (Table S5). The average Ln(II)-O
bond lengths follow the order of Ce(III)-O > Eu(IIl)-O
> Dy(III)-O, indicating that the affinity of TODGA for
Ce(III), Eu(III), and Dy(III) increases sequentially, which
is consistent with the variation trends of the thermodynamic
quantities.

The O atom of the ether bond and carbonyl of ligand
plays a dominant role in the complexation reaction [16]. The
ether bond and carbonyl groups of RP4, RP5, RP6, RP12,
RP16, and RP17 were well preserved among various types
of TODGA RPs. Therefore, these six RPs were analyzed
theoretically to evaluate their complexing ability.

The HOMO-LUMO gaps of TODGA, RP4, RP5, RP6,
RP12, RP16, and RP17 were calculated, and the results are
presented in Table 2. In general, the HOMO-LUMO gap is
considered as a marker that reflects chemical reactivity and
kinetic stability to a certain extent [67], and the molecule
is more readily excited as the band gap is narrower. The
HOMO-LUMO gaps for these seven structures follow the
order of RP17 < RP6 < RP16 < RP12 < RP5 < TODGA <

Table2 HOMO, LUMO, and HOMO-LUMO energy gaps of
TODGA and six radiolysis products (unit: eV)

Type HOMO LUMO HOMO-
LUMO
gap

TODGA —6.065 1.000 7.065

RP4 —6.120 1.003 7.123

RP5 —6.148 0.596 6.744

RP6 —6.024 —0.877 5.147

RPI12 -6.314 0.266 6.580

RP16 —5.987 -0.316 5.671

RP17 -5.903 —2.302 3.601
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Fig.7 (Color online) Diagrams of the ESP of TODGA and six radiolysis products at the theoretical level of B3LYP/6-31 G(d). The value (kcal/

mol) is the most negative ESP for each structure

RP4. The gaps of RP6, RP16, and RP17 are significantly
smaller than those of TODGA, indicating that the structural
alteration may result in these three RPs becoming more
unstable than TODGA.

The electronic structures of TODGA and six RPs were
explored. The electrostatic potential (ESP) diagrams shown
in Fig. 7 could be utilized to assess the complexing capacity
of extractants and metal ions [68]. The blue and red regions
illustrate a positive and negative ESP, respectively. The neg-
ative ESP is distributed around the O atoms of the carbonyl
groups and ether bond, indicating that these O atoms serve
as the preferred binding sites for metal ions. The most nega-
tive ESP values of TODGA and six RPs are presented in
Fig. 7, following the order of TODGA < RP4 < RP5 < RP12
<RP17 < RP6 < RP16, which indicate that these structures
can complex with metal ions. The ESP values of RP4, RP5,
and RP12 are more negative than those of RP6, RP16, and
RP17, suggesting that RP4, RP5, and RP12 may have a
stronger affinity for metal ions. The reaction that occurred in
the octyl side chain of RP6, RP16, and RP17 alter the spatial
molecular structure of TODGA, which may have an impact
on the ESP distribution of TODGA, thereby inhibiting the
electron-donating ability of the O atoms in carbonyl groups
and the ether bond as the most negative ESP values increase.

Based on the ESP values of the six RPs, RP4, RP5, and
RP12 were selected as a substitute to one TMDGA in the
structure of Eu(TMDGA);(NO;); to explore and com-
pare the complexing ability of the RPs. Thus, theoreti-
cal calculations were performed for the complex species
Eu(TMDGA),(RP4)(NO;);, Eu(TMDGA),(RP5)(NO;);,
and Eu(TMDGA),(RP12)(NO;);. The values of AE, AG,

and AH of the complexation reactions (Table S6) and the
Eu(III)-O bond lengths of the complexes (Table S7) are pre-
sented. The AE, AG, and AH values, as well as Eu(IIT)-O
bond lengths, decrease gradually as the complexes contain
RP4, RPS5, and RP12. This result demonstrates that RP12
may have greater complexing ability compared with RP4
and RP5 in complexation with trivalent lanthanides. There-
fore, the substitution of the octyl side chain with a hydroxyl
group in the TODGA structure may preserve the enhanced
complexing ability of the ligand, which is superior to that
of the other RPs.

4 Summary

y-Radiolysis of TODGA/kerosene/HNO; or ultrapure water
and TODGA/kerosene was investigated by analyzing the
changes in TODGA concentration and its liquid RPs. Six-
teen RPs of TODGA in kerosene and four RPs in aqueous
phase were identified and semiquantitatively analyzed using
UPLC-QTOF-MS, and the change patterns of their relative
contents in every sample were presented. In addition, five
radiolysis routes for TODGA were proposed. A comprehen-
sive investigation was conducted into the radiolysis pathways
and semiquantitative analysis of RPs of TODGA/kerosene
in contact with nitric acid. The results elucidated the prefer-
ential reaction sites within the TODGA structure for radical
interactions and further illustrated the relationship among
these reaction sites, the absorbed dose, and the acidity of
the aqueous phase. Thus, additional protective measures can
be explored and provided to effectively inhibit the radiolysis
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of TODGA/kerosene during extraction. Moreover, the white
precipitate was observed in the TODGA/kerosene/ultrapure
water system, which could be another form of TODGA radi-
olysis. TODGA demonstrated higher affinity and loading
capacity for Ce(Ill), Eu(Ill), and Dy(III) than Ni(II), Sr(I),
and it exhibited good resistance to y-irradiation within 100
kGy. Furthermore, DFT calculations demonstrated that the
complexing ability of TODGA toward Ce(III), Eu(III), and
Dy(III) was enhanced sequentially, and the RPs of TODGA
with a well-preserved ether bond and carbonyl groups pos-
sessed good complexing ability with trivalent lanthanides.
This study provides further insights into the radiolysis of
TODGA under kerosene solvent for the advancement of
industrial processes and for the extraction of trivalent acti-
nides and lanthanides.
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