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Abstract
Radiolytic transformations of TODGA (N,N,N’,N’-tetra-n-octylamide of diglycolic acid) in Isopar-M significantly depend 
both on the addition of alcohol (n-nonanol or n-decanol) and on the saturation of the solution with 8 M  HNO3. Fragmenta-
tion of TODGA molecules is the dominant radiolytic process. Compared to acid-free solution, radiolysis in the presence of 
 HNO3 results in a much lower yield of N,N-dioctylacetamide formation, while 2-hydroxy-N,N-dioctylacetamide remains the 
main degradation product of TODGA. The acidification of the solution promotes a lower radiolytic degradation of TODGA, 
but expands the range of final radiolysis products, in particular, due to the participation of  NO2 and NO radicals in radiation-
induced reactions. Alcohol serves as a source of alkoxy radicals, which are highly reactive towards TODGA. In the presence 
of nitric acid, a significant portion of alkoxy radicals decay in reactions with  NO2, NO, and acyl radicals and, thus, do not 
participate in the decomposition of TODGA.
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Introduction

Nitric acid can significantly affect the mechanism of radi-
olysis of organic extraction systems used in radiochemical 
technology to extract radionuclides from  HNO3 solutions 
[1]. During operation, the organic extractant solution is 
simultaneously irradiated and exposed to aqueous solutions 
of nitric acid of various concentrations, from 1 to 7 M. The 
high acidity of the nitric acid medium and a wide range of 
reactive nitrogen-containing radicals [2, 3] capable of trap-
ping radiolytic intermediates arising from the extractant and 
solvent are the main factors that influence the behavior of the 
system. Therefore, the elucidation of the effect of nitric acid 
on the radiolysis mechanism and the stability of the extrac-
tion system is a fundamentally important task.

TODGA, N,N,N’,N’-tetra-n-octylamide of diglycolic 
acid, is one of the promising ligands for the extraction of 

An(III) and Ln(III) from highly concentrated solutions 
of nitric acid [4–8]. Mixtures of heavy alkanes and ali-
phatic alcohol [5, 9], in particular solutions of n-nonanol 
or n-decanol in Isopar-M [10, 11], are suitable diluents for 
TODGA. Previously, we studied the composition of the radi-
olysis products of TODGA hydrocarbon-alcohol solutions in 
the absence of nitric acid [10]. It was shown that the domi-
nant radiolytic transformation of excited molecules and radi-
cal cations of TODGA consists in the cleavage of the ether 
bond with the subsequent formation of N,N-dioctylaceta-
mide and 2-hydroxy-N,N-dioctylacetamide. Also, an impor-
tant role is played by the dissociative addition of •H, •OH 
and alkoxy radicals to the carbonyl group TODGA, leading 
to the cleavage of the C–N and C–C bonds in the α-position 
relative to the carbonyl group. This work is devoted to the 
study of the effect of extracted nitric acid on the radiolytic 
transformations of TODGA in mixtures of n-nonanol or 
n-decanol with Isopar-M.
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Experimental methods and conditions

In order to adequately compare the radiolysis of unacidi-
fied and acidified solutions, irradiation, mixing of organic 
components, and analysis of the products were carried out 
under the same conditions as in [10].

Solutions and extraction mixtures

The investigated extraction mixtures are based on TODGA 
(N,N,N’,N’-tetra-n-octylamide of diglycolic acid) in the 
complex diluent Isopar-M (a mixture of isoparaffins with 
boiling range of 208–257 °C) with aliphatic monohydric 
alcohol (n-decanol or n-nonanol) provided by JSC “V.G. 
Khlopin Radium Institute”. In addition to Isopar-M, the S1 
mixture contained 0.15 M TODGA and 6 vol% n-decanol, 
the S2 mixture—0.15 M TODGA and 6 vol% n-nonanol, 
the S3 mixture—0.2 M TODGA and 20 vol% n-decanol, 
the S4 mixture—0.2 M TODGA and 20 vol.% n-nonanol. 
Before irradiation, the solutions were saturated with nitric 
acid by stirring three times with an aqueous solution of 
8 M  HNO3 in a volume ratio of 1:1. The  HNO3 content 
in the organic phase was determined by potentiometric 
titration on the Akvilon ATR-02 device with glass and 
calomel electrodes. Aliquots of  HNO3-saturated solutions 
were diluted with a 1:3 mixture of acetone and ethanol 
and titrated with an alcoholic NaOH solution. The  HNO3 
concentration was 1.15 mol  dm−3 in S1 and S3 samples, 
and 1.2 mol  dm−3 in S2 and S4 samples.

A source of ionizing radiation and radiolysis 
of the extraction mixtures

The extraction mixtures were irradiated in a cylindrical 
glass reactor with a water seal at an ambient temperature 
of 17 ± 2 °C using the UELV-10-10-S-70 linear accelera-
tor with a scanning electron beam (energy of 8 meV, pulse 
duration of 6 μs, pulse repetition rate of 300 Hz, average 
beam current of 700 μA, vertical scan frequency of 1 Hz, 
sweep width of 245 mm). Irradiation was carried out in 
an intermittently periodic mode: the irradiation interval 
up to a dose of 10 kGy (dose rate 0.22 kGy  s−1) alternated 
with an interval of sample cooling for 10 min. Phenazine 
dye-doped copolymer film standard reference material SO 
PD(F)R-5/50 [GSO (Certified Reference Material) no. 
7875–2000] was used as dosimeter. The total absorbed 
dose for each sample was 500 kGy.

IR and chromatographic analysis

The content of carboxylic acids, esters, nitro compounds 
and ketones in irradiated solutions was determined on IR 
Prestige-21 (Shimadzu) spectrophotometer using cali-
bration curves for the corresponding functional groups: 
−COOR at 1740  cm−1 (butyric acid hexyl ester), −COOH 
at 1730   cm−1 (myristic acid), −NO2 at 1556   cm−1 
(2-nitrooctane), and =C=O at 1721   cm−1 (4-methyl-
2-pentanone). The light source was a JDU Uniphase 
helium–neon laser with a wavelength of 632.8 nm. The 
spectra were recorded using  CaF2 glasses and a cuvette 
with a lead gasket 0.129  mm thick. The presence of 
ketones in the samples was proved by the qualitative reac-
tion with 2,4-dinitrophenylhydrazine.

The component composition of the radiolysis products 
was determined after neutralizing the samples with a 1:1 
mixture of sodium bicarbonate and anhydrous sodium sul-
fate. Neutralization was used to avoid acid and water dam-
age to the chromatographic column and detector. Sodium 
bicarbonate served as a neutralizing agent and anhydrous 
sodium sulfate served as a water scavenger. The samples 
were analyzed using a Thermo Scientific Trace 1310 
gas–liquid chromatograph with an ISQ mass-spectrometer 
detector (ionization by electrons, 70 eV) and a Trace 1310 
gas–liquid chromatograph with a flame ionization detector. 
The samples were dissolved in acetone for analysis. The 
flow split mode was used (1:20 and 1:5). Helium was used 
as a carrier gas (flow rate 1.2 mL  min−1). Thermo col-
umns with a polydiphenylsiloxane/polydimethylsiloxane 
ratio equal to 5:95 of 15 m (TG-5MS, 15 m × 0.25 mm) 
and 30 m long (TG-5MS, 30 m × 0.25 mm) were used for 
qualitative and quantitative analysis, respectively. Prod-
ucts were identified by mass spectra and retention indices 
using the NIST-2017 database. According to the results of 
repeated experiments, the relative error of measurements 
did not exceed 10%.

Results

According to IR spectroscopic analysis, irradiated solu-
tions, before neutralization, contain a wide range of prod-
ucts, including organic acids, esters, nitro compounds 
and ketones (Fig. 1). The presence of nitric acid promotes 
radiolytic formation of carboxylic acids and esters, espe-
cially in S3 and S4 solutions with higher alcohol con-
tent. Therefore, alcohol can be considered as an important 
precursor of carboxyl compounds. The acid also stimu-
lates the radiolytic formation of ketones, but their yield is 
higher in S1 and S2 solutions with lower alcohol content. 
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In turn, the radiolytic formation of nitro compounds is 
practically independent of the concentration of both alco-
hol and TODGA.

Judging by the composition of the products in neutralized 
solutions, acidification and irradiation make very different 
separate contributions to the decomposition of the dissolved 
components. For example, preliminary saturation of S1 and 
S2 solutions with nitric acid has relatively little effect on 
TODGA and alcohol (Fig. 2). Radiolysis of acid-free S1 
and S2 solutions also weakly affects alcohol, but provides 
intense degradation of TODGA. The combined action of 
acid and ionizing radiation has a synergistic effect on alco-
hol degradation, but comparatively less effect on TODGA 
degradation. This response means that nitric acid somewhat 
slows down the reactions of radiolytic intermediates with 
TODGA, but significantly accelerates their reaction with 
alcohol. The synergistic effect of enhanced degradation is 
observed for both n-decanol (in S1) and n-nonanol (in S2).

In the presence of acid, the range of radiolysis products 
expands (Table 1), primarily due to the formation of organic 
nitrites, nitrates and nitrosamines (P12-P14). The content of 

P12 and P13 in irradiated solutions is much lower (radiation-
chemical yield G is less than 0.05 μmol  J−1) than P14. The 
dominant alkyl groups in nitrites and nitrates are n-decyl 
(in S1 and S3) and n-nonyl (in S2 and S4), which indicates 
the participation of the corresponding alcohols, decanol and 
nonanol, in the formation of P12 and P13. The main radio-
lytic product due to the presence of  HNO3 is N-nitroso-di-
n-octylamine (P14). It is formed in all S1-S4 solutions. Its 
yield depends on the alcohol content, but almost does not 
depend on the type of alcohol.

Nitric acid has a significant effect on the radiation-chem-
ical yields of the final products (Fig. 3). In both S1 and S2, 
the most noticeable effect is a manifold decrease in the yield 
of N,N-dioctylacetamide (P1). In the absence of acid, P1 
is the dominant product of the radiolytic degradation of 
TODGA, and in the  HNO3-saturated solution it becomes 
one of the minor products. In turn, the yields of P2 are high 
in both acid-free and acidified solutions. The presence of 
nitric acid also contributes to a noticeable increase in the 
yields of P4, P6, and P7, while the yields of P3 and P5 are 
weakly dependent on the acidification of solutions.

The increased alcohol content (in S3 and S4) leads 
to higher yields of P5, P6 and P14 in acidified solutions 
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Table 1  Main products of radiolysis in solutions S1-S4

(C8), (Cx) and (Cy) are alkyl groups. The length of the carbon skeleton is indicated by a subscript: 8—octyl, x—radicals from propyl to decyl, 
y—decyl (in S1 and S3) or nonyl (in S2 and S4)
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Fig. 3  Radiation-chemical yields G of the main degradation products 
of TODGA in S1 solution (after neutralization)
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(Fig. 4). The yields of the P1-P4 products remain almost 
the same as in S1 and S2, but the yields of P7 are slightly 
reduced. The observed changes in yields show that the 
formation of P1 and P4 is most sensitive to the presence 
of acid, while the formation of P5 and P6 is more sensitive 
to the alcohol content.

Acidification has a significant effect on the radiolytic 
formation of P10 esters (Fig. 5). Compared with acid-free 
solutions, the yield of P10 in acidified solutions increases 
several times. Moreover, the higher the alcohol content in 
the acidified solution, the higher the P10 yield (Fig. 5). 
The ether unit –O– in P10 is combined with an n-decyl 
group (in S1 and S3; y = 10) or with an n-nonyl group (in 
S2 and S4, y = 9), while the carbonyl group is combined 
with alkyl groups of various lengths (x = 3—9). There are 
two maxima in the x distribution: x = 8 corresponds to the 
n-octyl radical present in TODGA, and x = 6 corresponds 
to the n-hexyl radical resulting from the cleavage of some 
central C–C bond in the alkane molecule (Isopar-M).

Discussions

H‑radicals formation and reactions

High absorbed dose and high dose rate of electron-beam 
irradiation provide a wide range of final products resulting 
from both the primary and secondary radiolytic processes. A 
direct consequence of the participation of  HNO3 in radiolytic 
transformations is the formation of nitroso and nitro deriva-
tives (P12-P14) via the combination of organic radicals with 
NO and  NO2 radicals. As shown earlier [12, 13], in the pres-
ence of oxidative radical scavengers, such as TODGA, ali-
phatic alcohol, and Isopar-M, the dominant transformation 
of nitrate ions consists in sequential reduction according to 
a simplified scheme

Deeper reduction gives  N2O and  N2, which are not highly 
reactive. Organic radicals, including alkyl and hydroxyalkyl 
radicals characteristic of the considered radiolysis, are also 
capable of taking part in the reduction of nitrate [14–19], 
for example

At the later stages of reduction (1), the H radicals play the 
most important role, since free and solvated electrons have a 
much shorter lifetime. In addition to reactions with TODGA 
molecules, electrons rapidly decay in reactions with proton 
(k = 2.4 ×  1010  dm3  mol−1  s−1) and nitrate ion (k = 9.6 ×  109 
 dm3  mol−1  s−1) [12, 20]

A decrease in the degree of TODGA degradation in the 
presence of nitric acid (Fig. 2) indicates a lower reactivity of 
H radicals in comparison with solvated electrons in reactions 
with TODGA. In the absence of nitric acid, electrons are 
captured predominantly by TODGA molecules (dissocia-
tive capture), since alkanes and alcohol have low reactivity 
with an electron [21]. The acid suppresses the reactions of 
electrons with TODGA, but promotes reactions with the par-
ticipation of H radicals. Organic radicals are partially decay 
via competitive reactions with intermediates of the process 
(1) and, as a result, react less with TODGA. In addition, the 
acidic environment favors the enolization of TODGA, which 
somewhat complicates the cleavage of the C–C bond in the 
α-position relative to the carbonyl group.

Thus, the presence of nitric acid provides an increase in 
the yield of H radicals by reaction (3) in addition to radi-
ation-induced H radicals arising from alkanes, alcohol, 
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and alkyl groups of TODGA [10]. H radicals are partially 
involved in the reduction process (1), while the rest are 
involved in the formation of alkyl radicals by the mechanism 
of H-abstraction from alkanes and alkyl groups or H-addi-
tion to double bonds of TODGA and unsaturated radiolytic 
products.

Processes involving alkoxy radicals

Another important function of excess H radicals is the 
formation of additional alkoxy radicals (R-O•) due to 
H-abstraction from the hydroxyl group of the alcohol. 
Among the organic radicals formed in the system under con-
sideration, the most reactive are alkoxy radicals [22–26]. 
They are formed via the decomposition of excited molecules 
and radical cations of alcohol, as well as via the abstraction 
of the H radical from the hydroxyl group. Alkoxy radicals 
are capable of rapidly removing H atoms or adding to double 
bonds. Obviously, in the presence of nitric acid, alkoxy radi-
cals can recombine with  NO2 and NO radicals. This recom-
bination results in P12 alkyl nitrites and P13 alkyl nitrates

As a result of irradiation, n-decyl nitrite and n-decyl 
nitrate appear in acidified S1 and S3 solutions, and n-nonyl 
nitrite and n-nonyl nitrate appear in S2 and S4 solutions. 
No other alkyl nitrates and alkyl nitrites were seen. On the 
one hand, this indicates that the precursors of alkyl nitrites 
and alkyl nitrates are precisely alkoxy radicals arising from 
the corresponding alcohol: n-decanol in S1 and S3, and 
n-nonanol in S2 and S4. On the other hand, it is NO and 
 NO2 that are the main intermediates in the radiolytic trans-
formations of nitric acid in the systems under consideration. 
The most convincing evidence for the important role of NO 
is the formation of N-nitroso-dioctylamine (Figs. 2 and 3). 
Most likely, it is formed via the recombination of NO with 
the bulky •N(C8)2 radical, which appears during the radio-
lytic fragmentation of TODGA. Under reducing conditions, 
radical nitrosation

Occurs quite often [27–29] and is a characteristic process in 
the radiolysis of organic compounds in the presence of nitric 
acid [14]. Most of the  NO2 radicals decay via recombination 
with alkyl radicals to form nitroalkanes (Fig. 1).

Fragmentation of the TODGA molecule

The radiation-chemical yield of TODGA molecules decay 
is approximately two times lower than the total yield of 

(5)R − O
⋅ +⋅

NO → R − O − NO

(6)R − O
⋅ +⋅

NO2 → R − O − NO2

(7)NO + ⋅

R → R − N = O

TODGA degradation products. For example, the yield of 
TODGA fragments in acidified S2 solution is slightly more 
than 0.4 μmol  J−1, while the observed degradation yield of 
TODGA molecules does not exceed 0.17 μmol  J−1. The yield 
of TODGA degradation in S3 and S4 solutions reaches 0.22, 
while the yield of TODGA fragments increases to almost 
0.65 μmol  J−1. This indicates that fragmentation is the main 
radiolytic process for TODGA. Table 1 indicates that more 
than two TODGA fragments can participate in the formation 
of final radiolytic products.

The induction effect of O atoms of the carbonyl and ether 
groups weakens the C–C bonds between them and the C-N 
bond adjacent to the carbonyl group. The influence of O 
and N atoms on the radiolytic cleavage of adjacent bonds 
is characteristic of oxygen- and nitrogen-containing com-
pounds [30, 31]. The structure of the TODGA fragmentation 
products indicates a high probability of cleavage of C–O 
ether bond, C–C bond at the carbonyl group, as well as C–N 
bonds. In S1-S4 solutions, the cleavage of the C–O bond is 
observed twice as often as the cleavage of the C–C bond. 
The cleavage products of the C–O ether bond are P1, P2, P9 
and P17. The bond cleavage can be caused by the excited 
state of the molecule or radical [10]. The relatively high 
yield of P2 indicates that its precursor is an alkoxy type 
radical

which quickly turns into P2 due to the abstraction of H atom 
from neighboring molecules. The low yield of P1 indicates 
that its precursor is an alkyl type radical, which is character-
ized by slower recombination processes with alkyl radicals 
from Isopar-M or alcohol to form P9. There is a wide range 
of P9 homologues, but their diversity and overlap with other 
peaks in the chromatogram make quantification difficult. 
The radical center between the ether and carbonyl groups 
can arise due to H-abstraction from the methylene group 
or due to H-addition to the carbonyl group. Both cases are 
favorable for cleavage of the bond in the α- or β-position 
relative to the radical center. Judging by the structures of P1 
and P2, they are formed predominantly during the decay of 

(8)
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excited TODGA molecules or during the decomposition of 
the TODGA H-adduct.

The primary and secondary products of C–C bond cleav-
age at the carbonyl group are P3, P4, P8, P9, P10, P15 and 
P16. Probably, P3 and P4 arise as a result of the H-adduct 
decay.

Due to the acid-catalyzed enolization of TODGA, the 
structure of the H-adduct can be different and, accordingly, 
its decay can lead to different products. A higher yield of P4 
indicates that it is formed in molecular form. The carbon-
centered radical  RC then recombines with alkyl radicals (in 
particular, giving P3) or decomposes, for example, with the 
elimination of CO. In turn, the  RA radical via recombination 
with other radicals forms P9, P10, P15, and P16. At the same 
time, the P8 structure indicates the possibility of cleavage 
of the α-C–C bond as a result of the addition of an alkoxy 
radical to the carbonyl group. The resulting alkoxy adduct 
further decomposes into P8 and the  RC radical.

However, the addition of an alkoxy radical to a carbonyl 
group more often leads to cleavage of the α-C-N bond.

(9)

(10)

In S3 and S4 solutions, containing more alcohol, the 
cleavage of the α-C-N bond occurs almost three times 
more often than in S1 and S2 solutions. This indicates the 
dominant role of alkoxy radicals in the cleavage of the 
α-C-N bond. The primary and secondary products of the 
α-C-N bond cleavage are P5 and P14, as well as the alkoxy 
adducts P6, P10, and P11. The P11 product is the result of 
the addition of alkoxy radicals to both carbonyl groups of 
the TODGA molecule with the cleavage of adjacent C-N 
bonds. The probability of such a reaction is lower than that 
of the (10) and (11) reactions, but the P11 product is reliably 
detected in irradiated solutions. About half of the  RN radicals 
are involved in the formation of N-nitroso-di-n-octylamine 
P14. Cleavage of the C-N bond within the di-n-octylamine 
group is less frequent than cleavage of the α-C-N bond. 
The probability of elimination of the octyl group somewhat 
decreases in S3 and S4, i.e. with an increase in the content 
of alcohol, which is a more effective scavenger of H radicals. 
This indicates that H radicals play a significant role in the 
formation of P7.

For S1 and S3 solutions, the length of the alkyl radical 
(Cy) in P6 and P8 products is equal to 10 C atoms. In turn, 
in S2 and S4 solutions, the alkyl group (Cy) contains 9 C 
atoms. Consequently, it is the alkoxy radicals of decanol and 
nonanol that are involved in (10) and (11) reactions. The 
addition of alkoxy radicals to the carbonyl group can also 
manifest itself in a decrease in the observed yield of ketones 
in S3 and S4 compared to S1 and S2 solutions containing 

(11)

(12)
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less alcohol (Fig. 1). As noted above, alkoxy radicals decay 
in several competitive processes. In particular, reactions (5), 
(6), (10) and the like compete with reaction (11). Therefore, 
the observed yield of P6 via reaction (11) in acidified S3 
and S4 solutions is only slightly higher than in acid-free 
solutions, where reactions (5) and (6) are absent (Fig. 4). In 
acid-free S1 and S2 solutions (Fig. 3), containing less alco-
hol and alkoxy radicals, TODGA and its fragmentation prod-
ucts, including P6, decay mainly in reactions with a solvated 
electron. At a high concentration of alcohol, this effect is 
weakened due to the scavenging of solvated electrons by 
hydroxyalkyl radicals, carbonyl products, and alcohol.

Formation of secondary products

The high yield of H radicals gives them the opportunity to 
participate in secondary processes. In particular, the addi-
tion of the H radical to the carbonyl group (or the enol C = C 
bond) of the P6 molecule can lead to the cleavage of the 
α- or β-C–C bond with the formation of P2 or P3, as well as 
the RE1 or RE2 carbon-centered radical.

Further, RE1 and RE2 radicals participate predominantly 
in recombination with alkyl radicals, forming P10 esters, 
where x = 3–10 (Fig. 5). Most likely, (13) reaction leads to 
the RE2 radical. In turn, the dimerization of RE1 radicals 
results in the P17 product formation.

The predominance of alkyl groups in the components of the 
solution provides the highest probability of radiolytic forma-
tion of alkyl radicals. However, low-reactive alkyl radicals, 
apparently, cannot compete with alkoxy radicals in reactions 
with NO and  NO2. As a consequence, the products of the 
recombination of alkyl radicals with NO or  NO2 are hardly 
noticeable in irradiated solutions. Both alkanes and alcohols 
can undergo radiolytic cleavage of one of the internal C–C 
bonds. As a rule, alkyl chains are cleaved at the bond located in 
the β-position relative to the radical center. The relative prob-
abilities of radiolytic cleavage of C-H and C–C bonds in alkyl 
groups are approximately 2:1 [14]. Fragmentation of alkane 
(Isopar-M) and alcohol molecules via cleavage of the C–C 
bond leads to the appearance of short alkyl and hydroxyalkyl 
radicals with the subsequent formation of the corresponding 

(13)

low molecular weight hydrocarbons, aldehydes and alcohols. 
Alkanes and alcohols can serve as precursors of unsaturated 
compounds. Excited alkane and alcohol molecules can decay 
via eliminating a hydrogen molecule and forming alkenes and 
aldehydes, respectively. Similar alkenes and aldehydes arise 
from disproportionation of alkyl (•CnH2n-1) or hydroxyalkyl 
(•CxH2xOH) radicals

The carbonyl group of an aldehyde, like TODGA, is a radi-
cal scavenger. At the same time, the acidic environment pro-
motes the isomerization of aldehydes into the enol form. Due 
to the dynamic interconversion of C-H and O–H bonds, i.e. 
mobility of a hydrogen atom, the reaction of radicals with enol 
can occur by the mechanism of dissociative addition [32, 33]

A similar dissociative addition of an oxidizing radical to 
an aldehyde with the formation of a carboxylic acid ester 
was observed earlier [34]. Reaction (17) serves as an addi-
tional source of free H radicals. In addition, in the considered 
extraction system, it causes additional formation of P10 esters 
(Fig. 5). Decyl esters predominate in S1 and S3, while nonyl 
esters prevail in S2 and S4, which is evidence of the partici-
pation of intermediates of the corresponding alcohol in the 
formation of esters. In turn, the addition of an H radical to an 
aldehyde can be a secondary source of alkoxy radicals.

Radiolytic processes involving TODGA adducts such as 
P6, P8, P9, P11, and P15 can serve as an alternative source 
for the formation of P10 esters. Another way of P10 forma-
tion can be due to ion-molecular reactions. The interaction of 
alkane or alcohol radical cation with an aldehyde can form an 
alkanoyl (acyl) radical.

A similar radical occurs when H is abstracted from the 
aldehyde by small radicals. Acyl radicals can recombine 
with each other or with alkoxy radicals. In the first case, 

(14)2
⋅

CnH2n−1 → CnH2n+2 + CnH2n

(15)2
⋅

CxH2xOH → CxH2x+1OH + CxH2xO

(16)2
⋅

CnH2n−1 +
⋅

CxH2xOH → CnH2n + CxH2x+1OH

R
C
H

H
C

OH
+

O

R'
R

C
H2

C

O

O
R' + H (17)

(18)

(19)
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P16 oxalic acid esters appear. In the second case, P10 ester 
is formed. Aldehydes are also precursors of carboxylic 
acids observed in irradiated solutions prior to neutraliza-
tion (Fig. 1). A carboxylic acid can be formed as a result of 
reactions of an acyl radical with water, an OH radical or an 
alkoxy radical (dissociative addition), as well as as a result 
of fragmentation of esters.

Conclusion

Saturation of the extraction system with 8 M  HNO3 leads, on 
the one hand, to a decrease in the yield of TODGA degrada-
tion and, on the other hand, to an expansion of the range of 
final radiolytic products. The acid suppresses the reactions 
of dissociative addition of an electron to TODGA due to the 
fast conversion of electrons into less reactive H radicals. 
In addition, a significant portion of electrons are spent on 
nitrate reduction. Some of the formed  NO2 and NO radi-
cals combine to alkoxy radicals to form the corresponding 
organic nitrites and nitrates. Thus, acidification of the solu-
tion causes a decrease in the yield and average reactivity of 
radicals that could participate in the degradation of TODGA.

Under acidification conditions, an increase in the yield of 
H atoms results in an increase in the yield of alkyl radicals 
from Isopar-M and alcohol, as well as alkoxy radicals from 
alcohol. This effect is especially noticeable in S3 and S4 
systems with high alcohol content. Thus, in acidified solu-
tions, the formation of products of recombination of alkyl, 
hydroxyalkyl, and alkoxy radicals with each other and with 
long-lived TODGA radicals is intensified. In particular, 
these conditions favor the formation of carboxylic acid alkyl 
esters. The high yield of alkyl radicals and the corresponding 
intensification of their reactions are also the main reason for 
a significant decrease in the yield of N,N-dioctylacetamide 
(P1) in acidified solutions compared to acid-free solutions. 
Probably, the main precursor of P1 is the C-centered radical, 
which readily recombines with alkyl radicals. As a conse-
quence, the formation of P1 is suppressed, while the forma-
tion of P9 becomes more important.

The yield of formation of TODGA fragments is more than 
twice the observed yield of degradation of the TODGA mol-
ecules themselves. This confirms that both in acid-free and 
acidified solutions, fragmentation of the TODGA molecule 
is the main radiolytic process. Moreover, the cleavage of the 
ether C-O bond occurs mainly during the decay of excited 
molecules and ions, while the cleavage of the C–C bond in 
the α-position relative to the carbonyl group occurs mainly 
as a result of the addition of radicals to the carbonyl group. 
The H and alkoxy radicals play the main role in the cleavage 
of the C–C bond, and the role of alkoxy radicals increases 
with an increase in the alcohol content in the solution.
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