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Abstract—The radiolysis of a radiochemical extraction system based on N,N,N',N'-tetra-n-octyl diglycol-
amide (TODGA) dissolved (0.15–0.2 M) in a mixture of Isopar-M with n-decanol or n-nonanol has been
studied. The alcohol content was 6 or 20 vol %. A beam of 8-MeV electrons was used for irradiation. It has
been found that the predominant radiolytic transformation of TODGA is fragmentation with the major for-
mation of N,N-dioctylacetamide and 2-hydroxy-N,N-dioctylacetamide. Products of the dissociative addi-
tion of alkoxy radicals to the carbonyl groups of TODGA were detected. The total yield of TODGA degrada-
tion in the extraction system was no higher than 0.5 μmol/J. Degradation was insensitive to the type of alco-
hol, but it depended on the alcohol content of the solution.

Keywords: radiolysis, extraction system, TODGA, Isopar-M, alcohol, alkoxy radicals

DOI: 10.1134/S0018143921060114

INTRODUCTION
Radiation chemistry plays a key role in the selec-

tion of durable and safe extraction systems for the
recovery of radioisotopes from spent nuclear fuel.
Radiolytic processes can lead to different rates of
decline in the performance characteristics of an
extractant depending on the composition of the
extraction system. Therefore, the elucidation of the
mechanism of radiolysis of extraction media plays a
fundamentally important role in the optimization of
their composition [1]. Diglycolamides [2–4] are
among the most interesting current extractants with
high extraction capacity and ease of utilization.
Among them, N,N,N',N'-tetra-n-octyl diglycolamide
(TODGA) is one of the most promising extractants for
the extraction of An(III) and Ln(III) from highly con-
centrated solutions of nitric acid [5–7]. The radiation
resistance of an extraction system is closely related to
the issues of extraction efficiency, regenerability, and
fire and explosion safety in the development of dilu-
ents for TODGA. Practical considerations indicate
the feasibility of using hydrocarbon–alcohol diluents.
In particular, the hydrocarbon fraction can be a mix-
ture of C13–C14 isoparaffins (Isopar-M), and the alco-
hol fraction can be represented by n-nonanol or
n-decanol [8, 9]. Information on the radiation resis-
tance of TODGA in these mixed diluents is scarce and
contradictory, although the main fragmentation chan-
nels of the TODGA molecule are well known [10, 11].
In this paper, we consider the transformations of

TODGA in a mixture of a heavy alcohol with Isopar-
M at a high absorbed dose of accelerated electrons.

EXPERIMENTAL
The extraction mixtures of N,N,N',N'-tetra-n-

octyl diglycolamide (TODGA), Isopar-M (a mixture
of isoparaffins with a boiling range of 208–257°С),
and an aliphatic alcohol (n-decanol or n-nonanol)
were obtained from the Khlopin Radium Institute
(St. Petersburg). In addition to Isopar-M, mixture S1
contained 0.15 M TODGA and 6 vol % n-decanol,
mixture S2 contained 0.15 M TODGA and 6 vol %
n-nonanol, mixture S3 contained 0.2 M TODGA and
20 vol % n-decanol, and mixture S4 contained 0.2 M
TODGA and 20 vol % n-nonanol.

The mixtures were irradiated in a cylindrical glass
reactor with a hydraulic seal at 17 ± 2°C using a
scanned beam of accelerated electrons from an UELV-
10-10-S-70 linear accelerator (energy, 8 MeV; pulse
duration, 6 μs; pulse repetition rate, 300 Hz; average
beam current, 700 μA; vertical scanning frequency,
1 Hz; and scanning width, 245 mm). Intermittent irra-
diation was used: an interval of irradiation to a dose of
10 kGy (dose rate, 0.22 kGy/s) was alternated with an
interval of sample cooling for 10 min. Dosimetry was
carried out using film dosimeters of a SO PD(F)R-
5/50(GSO 7865-2000) copolymer with a phenazine
dye. The total absorbed dose in each sample was
500 kGy.
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Fig. 1. Products of TODGA degradation in samples S1–S4: (C8) is octyl; (Cx)O is alkoxy group, where x = 9 or 10 depending on
the introduced alcohol, nonanol or decanol; and (Cy) is alkyl, where y ranges from 4 to 10. 
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The samples were analyzed using a Thermo Scien-
tific Trace 1310 gaschromatograph with an ISQ mass
spectrometric detector (electron ionization, 70 eV)
and a Trace 1310 gas chromatograph with a f lame-ion-
ization detector. The split injection mode (1 : 20 and
1 : 5) was used in helium (flow rate, 1.2 mL/min).
Acetone was used as a diluent for the samples. Thermo
Scientific TG-5MS columns 15 and 30 m long with a
polydiphenylsiloxane/polydimethylsiloxane ratio of
5 : 95 (15 m × 0.25 mm and 30 m × 0.25 mm, respec-
tively) were used. The products were identified based
on the mass spectra and retention indices using the
NIST-2017 database. According to the results of
repeated experiments, the relative measurement error
did not exceed 10%.

RESULTS AND DISCUSSION
Among the components of samples S1 and S2,

TODGA has the lowest radiation resistance. At
0.5 MGy, the decrease in the TODGA content was
almost 3/4 of its initial concentration. The radiation-
chemical yields of TODGA degradation (0.41–
0.43 μmol/J) were approximately four times higher
than the yield of alcohol degradation (0.11–
0.12 μmol/J), and the replacement of n-decanol (sam-
ple S1) with n-nonanol (S2) had little effect on these
yields. An increase in the alcohol content to 20 vol %
(samples S3 and S4) led to a slight increase in the deg-
HIGH ENERGY CHEMISTRY  Vol. 55  No. 6  2021
radation of TODGA (to 0.48 μmol/J), while the yield
of degradation of the alcohol increased by a factor of
almost 5 to 0.52 μmol/J.

In all irradiated samples S1–S4, only products
lighter than TODGA were detected. Heavier products
were not observed. This fact indicates that the cleavage
of skeletal bonds is the main radiolytic transformation
of TODGA molecules in an alkane/alcohol mixture.
Figure 1 shows the key products of TODGA conver-
sion. Compounds P1–P5 and P7 are products of the
rupture of internal bonds in the TODGA molecule.
The other compounds belong to the products of the
combination of TODGA fragments with alkyl and
alkoxy radicals. In this case, the carbonyl groups of
TODGA were the predominant sites of attachment.

The radiolytic formation of alkyl radicals was due
to several competing processes: the decay of excited
alkane molecules and ions (Isopar-M), ion–molecule
reactions with the participation of primary alkane rad-
ical cations, pair neutralization of primary ions, the
detachment of H atoms in reactions of alkanes with
small radicals (primarily, H, OH, and CH3), and frag-
mentation of aliphatic alcohol molecules [12, 13]. The
ratio between the yields of C–C and C–H bond cleav-
age is about 0.5 for both alkanes and aliphatic C5–C16
alcohols [14, 15]. In isoalkanes, the yield of C–C bond
cleavage is higher than that in linear homologues.
Isoalkanes were the dominant components in the test
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Fig. 2. Radiation-chemical yields G of alkanes and alkenes
(n is the number of C atoms in a molecule) in irradiated
sample S2 at an absorbed dose of 0.5 MGy. 
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extraction system. They were directly exposed to radi-
ation, that is, directly absorbed radiation energy. Alco-
hol was contained in a smaller amount, but its electron
fraction was also sufficient for direct energy absorp-
tion. Accordingly, radiolysis provided a wide range of
alkyl radicals, the length of which was shorter than or
equal to the length of the parent Isopar-M molecules
and an alkyl substituent in the alcohol molecule.
Obviously, products P9 and P10 were formed with the
participation of alkyl radicals. In particular, light C4–

C9 hydrocarbons, which are lighter than the Isopar-M

components, were observed among the radiolysis
products of the extraction system. With the exception
of C7 products, the longer the hydrocarbon skeleton,

the higher the yield of alkanes and alkenes (Fig. 2).

The precursors of alkoxy radicals were alcohol
molecules. The O–H bond cleavage in alcohol is eas-
ier than the C–H bond cleavage. Therefore, in spite of
the predominance of C–H bonds, the yield of O–H
bond cleavage the formation of alkoxy radicals can
reach 0.2 μmol/J [13, 15]. Alkoxy radicals easily
detach H from surrounding molecules, or they are
attached at double bonds [16]. It is likely that the for-
mation of esters P6, P8, P10, and P11 was due to the
following reactions of the dissociative addition of
alkoxy radicals:

(1)

The breaking of C–H bonds leads to the formation
of much less reactive hydroxyalkyl radicals, mainly, α-
hydroxyalkyl radicals [13]. It is likely that they disap-
pear in recombination reactions with alkyl radicals.

The radiolysis of alcohols is also characterized by
the breaking of C–O bonds. The OH radical formed in
this case can [13, 15, 17], on the one hand, generate
water (due to H abstraction) and, on the other hand,
attach to unsaturated compounds, in particular, to the
carbonyl groups of TODGA or to C=C bonds in the
TODGA tautomer. The addition of OH is similar to
reaction (1); however, it is likely that the resulting OH
adduct is unstable in this case, and it decomposes with
the elimination of CO2 (an important component in

the gaseous products of radiolysis) and P3:

(2)

In turn, the dissociative addition of H more often
leads to a weakening of the N–C bond in the octyl-
amine group with the formation of P7.
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The observed yield of TODGA degradation is sig-
nificantly higher than that expected from the electron
fraction. In particular, the yield of radiolytic degrada-
tion of alcohol in solutions S1 and S2 was lower by a
factor of almost 4 than the yield of decomposition of
TODGA, although their electron fractions were com-
parable. This effect can be due to the fact that
TODGA molecules are more effective radical and ion
acceptors in comparison with alkane and alcohol mol-
ecules. In addition, the ionization and excitation
potentials of TODGA are lower than those of alkanes
and alcohol [18]. Consequently, excess energy and
charge transfer from diluent molecules to TODGA
likely occurred in the irradiated extraction system.
Accordingly, a significant portion of the TODGA deg-
radation products resulted from the decay of excited
molecules and ions. Figure 3 shows the observed yields
of the main products in S1 and S2. It can be seen that
the yields only slightly depended on the type of alco-
hol. An equally weak effect of replacing decanol with
nonanol was observed in the case of solutions S3 and
S4. Figure 4 shows the yields of products in S4 as an
example.

From Figs. 3 and 4, it follows that the highest yields
were observed for compounds P1 and P2, which are
the products of C–O bond cleavage. The predominant
cleavage of ether bonds is typical for the radiolysis of
both ethers and esters [15, 19]. This cleavage can occur
on the decomposition of the primary TODGA radical

cations (RC+)

(3)

and on the homolytic decay of excited TODGA mole-
cules (M*)
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Fig. 3. Observed yields G of the main products of TODGA
degradation in irradiated solutions S1 and S2. 
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Fig. 4. Observed yields G of the main products of TODGA
degradation in irradiated solution S4. 
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Next, the alkoxyl-type radical Rox is converted into

P2 through the rapid H-atom elimination from the
neighboring Isopar-M or alcohol molecules. In turn,
Р1 is formed as a result of neutralization of the frag-
ment cation K or by disproportionation of the alkyl-
type radical Ralk with alkyl radicals resulting from an

alkane or alcohol. The disproportionation of two Ralk

with each other does not occur, probably, because of
the structure peculiarities of these radicals and their
relatively low concentrations. In mass spectrometry,
when the ionization of TODGA is performed with
low-energy electrons, the cleavage of C–C and C–N
bonds adjacent to the carbonyl group plays the main
role. It is likely that these cleavages with the formation

RAlk

(C8)2N CH2

O
Rox

O
N(C8)2

O

+M* .
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of Р3, Р4, Р5, and Р7 can also occur upon irradiation

with high-energy electrons; however, the ether bond

cleavage at the center of the TODGA molecule is

dominant in this case. In particular, the relatively low

probability of the α-C–C bond cleavage can be due to

keto–enol tautomerism, which is characteristic of the

excited molecules of carbonyl compounds [20]:
(5)
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As shown above, the α-C–C and C–N bond cleav- A high absorbed dose makes possible multiple

age mainly occurs in the processes caused by the indi-
rect action of radiation with the participation of alkoxy
radicals formed from an alcohol. An increase in the
alcohol concentration led to an increase in the degree
of decomposition of TODGA and to an increase in the
yields of products of the recombination of alkoxy and
alkyl radicals (P6, P8–P11). Products P5 and P7
resulted from the cleavage of C–N bonds upon the
dissociative addition of alkoxy radicals to the carbonyl
group of the TODGA molecule. At the same time,
some of the adducts underwent C–C bond cleavage in
the α-position relative to the carbonyl group with the
formation of P8. The α-С–С bond cleavage also
resulted in P9.
interactions of alkoxy and alkyl radicals with TODGA

molecules and with TODGA fragmentation products.

In particular, as a result of repeated reactions of alkoxy

radicals with the TODGA molecule, a small amount

of P11 was formed (Fig. 4). Alkoxy and alkyl radicals

were also involved in the formation of esters P10. In

particular, the addition of an alcoholic alkoxy radical

to the carbonyl group in P4 can lead to the rupture of

the adjacent C–N bond and the subsequent formation

of P10 with the participation of an alkyl radical:
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(7)

The radiolysis of the test extraction solutions also
led to the formation of gaseous products, including
hydrogen, fragmented hydrocarbons (Fig. 2), СО2

(reaction (2)), and ammonia. The formation of
ammonia played a relatively minor role; it occurred
likely due to the successive radiolytic dealkylation of
P5. The higher the alcohol content, the higher the gas
evolution in the irradiated solutions [9]. The amount
of products released into a gas phase ranged from 6 to
10 mg/MGy [21].

CONCLUSIONS

The radiolysis of the solutions of TODGA in a mix-
ture of Isopar-M and an aliphatic alcohol is an illus-
trative example of the physical and chemical protec-
tion of some solution components by others. In this
case, TODGA acts as a victim, and the yield of degra-
dation of this compound is significantly higher than
that expected from the electron fractions of the com-
ponents. A significant portion of TODGA is destroyed
due to the direct absorption of radiation energy and as
a result of energy and charge transfer from alkane and
alcohol molecules (physical protection). Another por-
tion of TODGA is destroyed due to the addition of H,
OH, and alkoxy radicals to the carbonyl group (chem-
ical protection). The presence of double bonds (car-
bonyl C=O or tautomeric C=C) makes the TODGA
molecule an effective radical scavenger. The formation
of radical adducts often entails the rupture of a C–N
or α-C–C bond with the elimination of a low-molec-
ular-weight fragment (for example, CO2). At the same

time, the radiolytic degradation of TODGA weakens
at high absorbed doses due to the partial conversion of
the diluent (alkanes and an alcohol) into alkenes and
aldehydes, which are also effective radical scavengers.
Accordingly, as secondary unsaturated compounds
accumulate, they compete with TODGA molecules in
the capture of radicals.

The alcoholic fraction of the diluent plays the
greatest role in the degradation of TODGA in the irra-
diated solutions. High alcohol content contributes to
an increase in the fraction of reactive alkoxy radicals
among other radicals and, thereby, enhances the deg-
radation of TODGA. Therefore, from the point of
view of extending the service life of TODGA, 6 vol %
alcohol is preferable to 20 vol %. At the same time, the
replacement of n-decanol with n-nonanol does almost
not change the above effect.
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