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a b s t r a c t

The gas evolution from mixtures consisting of 0.2 M solution of N,N,N0 ,N0-tetra-n-octyldiglycolamide
(TODGA) in n-alcohol (n-decanol or n-nonanol) with Isopar-M diluent was investigated during thermal
oxidation. The effect of ionizing radiation on their thermal stability has been studied. It has been
determined that the volume of gaseous thermolysis products increases by 260% in the case of n-nonanol
and 80% in the case of n-decanol compared to non-irradiated solutions. It has been shown that the gas
evolution rate and gas volume increase when the irradiated mixture saturated with nitric acid is heated.
However, there are no prerequisites for the development of autocatalytic oxidation.
© 2020 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

Safety of all the processes is a key condition for the imple-
mentation of new technologies for the management of liquid high-
level waste (HLW) in nuclear industry. As a rule, extraction mix-
tures used in the reprocessing of spent nuclear fuel (SNF) consist of
hydrocarbon diluents and nitric acid solutions. The oxidation pro-
cesses with components of such systems are characterized by high
values of heat and gas release, specific volume (Vsp) of gaseous
products, and therefore pose a potential danger [1]. One of the
acute tasks during implementation of these systems is the elimi-
nation of any possibility of uncontrolled reactions with intense gas
evolution that can lead to emergency situations.

There are regulated limits of safe operation (LSO) for all the
industrial facilities of the nuclear fuel cycle (NFC) which are related
to the reprocessing of spent nuclear fuel [2,3]. These limits are
relevant for both commonly used extraction mixtures and new
promising compositions. For example, a mixture based on
0.2 M N,N,N0,N0-tetra-n-octyldiglycololamide (TODGA) in solutions
of n-nonanol or n-decanol with Isopar-M diluent (volume ratio 1:4)
was developed at the Radium Institute for the extraction of
by Elsevier Korea LLC. This is an
transplutonium elements (TPE) and rare earth elements (REE) from
a highly active raffinate [4]. There is no open published data on the
nature of oxidation processes in such solutions in contact with
nitric acid. To prove the safety of technological processes with the
developed system, it is necessary to study the gas evolution for
these mixtures and to determine the effect of irradiation on its
parameters both under normal (regulatory) conditions and beyond
them. LSO of the safe operation of tested mixtures can be estab-
lished only after analysis of the results of such studies.
2. Experimental methods

A solution of 0.2M TODGA in n-alcohol (1-nonanol or 1-decanol,
reagent grade) was mixed with Isopar-M (Exxon Mobil) diluent at a
volume ratio of 1:4. According to the manufacturer's passport,
Isopar-M is a mixture of isoparaffins containing from 12 to 16 car-
bon atoms. The samples were saturated with nitric acid by mixing
with 8 M HNO3 three times for 20 min at a volume ratio of organic
and aqueous phases of 1:1, each time the nitric acid solution was
renewed. An aliquot of the organic phase was dissolved in a
mixture of ethanol and acetonewith a ratio of 1:3, and then titrated
with a 0.1 M NaOH solution in ethanol. The content of НNO3 in
organic phase was determined by titration with Akvilon ATP-02
device (Akvilon JSC) with glass and calomel electrodes.
open access article under the CC BY-NC-ND license (http://creativecommons.org/

http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:bl174@bk.ru
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2020.02.024&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
https://doi.org/10.1016/j.net.2020.02.024
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.net.2020.02.024
https://doi.org/10.1016/j.net.2020.02.024


Fig. 2. Water seal for irradiation in cells.
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The irradiation was performed with accelerated electrons. The
UELV-10-10-S-70 electron accelerator (electron energy 8 MeV,
pulse duration 6 ms, pulse frequency 300 Hz, average beam current
700 mA, magnetic field induction 0.07 T, scan width 245 mm, ver-
tical frequency 1 Hz, which ensures vertical movement of the
electron beam over the entire height of the cell with the sample)
was used as a source of ionizing radiation. A schematic diagram of
the sample irradiation is shown in Fig. 1. A beam of accelerated
electrons was scanned along the vertical axis of a cylindrical glass
cell with a volume of 200 ml (5.5 cm in diameter), equipped with a
glass water seal (Fig. 2) and mounted on a rotating carousel table
providing a horizontal component of the sample motion relative to
the electron beam. 4 M HNO3 was used as the shutting fluid. At a
current of 500 mA, the working solution, passing through an elec-
tron beam at a fixed speed of 1.65 cm/s, absorbed an average dose of
4.68 kGy. The mixtures were irradiated up to a dose of 0.5 MGy.
Phenazine dye copolymer plates (FSUE VNIIFTRI) were used for
dose control. Doses were determined by the difference in optical
density of the irradiated and non-irradiated plates measured with a
spectrophotometer at a wavelength l ¼ 512 nm.

Chromatographic analysis was performed on a GALS-311 gas
chromatograph. The volume of the analyzed sample is 0.4 ml,
evaporation temperature e 260�С, temperature of the detector e

280�С. Carrier gas consumption rate was 48 ml/min. The analyzes
were carried out in isothermal mode using a flow separation sys-
tem (1:14). The column temperature was held for 5 min at 50�С
after the placement of the sample, and thenwas raised to 230�С at a
rate of 7�С/min. Range of measurements was 10-9. The total anal-
ysis timewas 34min. The recorded chromatogramswere processed
using the MULTICHROM software. The measurement error was not
more than 5%.

It has been found that Isopar-M diluent is a complex mixture of
products (Fig. 3), which are fixed in the range of retention times of
13e24 min. To quantify the composition of the Isopar-M sample,
nuclear magnetic resonance (NMR) analysis was performed (Fig. 4).
The percentage of CH3-, -CH2- and -CH- fragments (39.0%, 48.3%
and 12.7% respectively) in the diluent sample has been established.
NMR spectra were recorded on a BRUKER AVANCE 400 multinu-
clear pulse spectrometer at an operating frequency for phosphorus
nuclei of 161.98 MHz for pure liquid with a 5 mm BBO BB-1H/D
Z3918/0123 sensor.

1-decanol and 1-nonanol are individual substances with a
content of the main product of at least 96%. The retention time for
1-decanol is approximately 18 min, and for 1-nonanol e 16 min.
Fig. 1. Schematic diagram of the organic sample irradiation: 1 e electron flow; 2 e an elec
solution; 4 e glass water seal; 5 e dosimetric films; 6 e tripod; 7 e rotating table (carous
During the study of extraction mixtures, TODGA was not detected
in chromatograms.

The degradation products of the irradiatedmixtures were studied
with an infrared spectrometer IR Prestige-21 (Shimadzu). The light
source was a continuous wave 0.5 mW helium-neon laser with a
wavelength of 632.8 nm (JDUUniphase). Spectrawere recordedwith
a single-beam recording scheme using CaF2 glasses and a cuvette
with a lead gasket of 0.129 mm thickness. The concentration of
various classes of compounds was determined by the absorption
intensity using calibration curves established for -NO2 e 1556 cm�1

(2-nitro-octane), -ONO2 e 1639 cm�1 (1-octyl nitrate), -COOH e

1730 cm�1 (myristine acid), -CO e 1721 cm�1 (4-methyl 2 penta-
none), -COOR e 1740 cm�1 (butyric acid hexyl ester). The standard
procedure for establishing the calibration dependences of light
tromagnet deflecting a beam with a frequency of 1 Hz; 3 e a glass cell with a sample
el).



Fig. 3. Chromatogram of the sample of Isopar-M diluent.

Fig. 4. 1H NMR Spectrum of Isopar-M sample in CDC13.

I.V. Skvortsov et al. / Nuclear Engineering and Technology 52 (2020) 2034e20402036
absorption on a sample of standards (the area of compliancewith the
Lambert-Behr law) was used during a quantitative analysis.

Analysis of the effect of ionizing radiation on extraction mix-
tures requires values of the gas evolution rate (W), of the specific
volume of released gases (Vsp), of the temperature of thermal ex-
plosion (Texpl) and/or the onset temperature of the exothermic re-
action (Tex). These parameters were determined using a
Thermoflame-2 device [5] at atmospheric pressure and a constant
heating rate of the cell with the studied mixture (Fig. 5). The
thermostat temperature for single-phase mixtures was 170�С, for
two-phase systems e 110�С, holding time e 6 h, sample volume e

10 ml. Temperature and pressure in the system were monitored
during heating. The volume of the released gases was determined
with an error of less than 5%.

The operation scheme of the system for measuring the amount
of evolved gases is shown in Fig. 6. To reduce the effect of gas



Fig. 5. The scheme of installation for studying the thermal stability of extraction system in the conditions of open apparatus: 1 e heating rate controller; 2 e the working unit of the
thermostat; 3 e cells (reaction vessels); 4 e outlet pipe; 5 e thermoelectric converter in a protective casing; 6 e test sample; 7 e air temperature control sensor in the thermostat; 8
e working cylinder and auxiliary capacity of the unit for measuring the volume of evolved gases; 9 e reinforcement for fastening the working cylinder; 10 e capacity for receiving
displaced fluid; 11 e strain gauge weight sensor; 12 e gas and liquid connecting lines; 13 e modules of the system controlling the parameters of the experiment; 14 e control
computer.
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dissolution and mainly to prevent the reaction:

2 NO2 þ H2O4 HNO3 þ HNO2 (1)

which proceeds with a significant change in volume, dividing floats
between the gas and liquid phases are installed in the tanks. After
the experiment, the volume of gas in the tank remains unchanged
Fig. 6. Scheme for measuring the amount of evolved gases: 1 e sensitive element of the sca
for several hours, which confirms the low rate of gas dissolution.
Since the liquid column creates a small vacuum in the system, there
is a small compensation tank next to the main container for the
displaced liquid. Thus, the pressure in the system can be changed in
a small interval (±200 mm H2O), changing the location of the main
and compensating containers in height relative to each other. Using
the installation, we can determine the temperature of the organic
les; 2 e capacity for liquid displaced by gas; 3 e receiving capacity for displaced liquid.



Table 1
Concentrations of nitric acid (M) in extraction mixtures of 0.2 M TODGA in n-alcohol with Isopar-M before and after irradiation up to a dose of 0.5 MGy.

Irradiation dose, MGy n-alcohol

n-nonanol n-decanol

0.2 M TODGA in n-alcohol-1 e Isopar-М saturated with 8 M HNO3, without irradiation 1.05 0.96
0.2 M TODGA in n-alcohol-1 e Isopar-М saturated with 8 M HNO3, irradiation up to a dose of 0.5 MGy 0.25 0.19

Table 2
Concentration (M) of radiolysis products of extraction mixtures irradiated up to a dose of 0.5 MGy.

Extraction system RCOOH RCOOR1 RNO2 RCOR1

0.2 M TODGA in 1-nonanol e Isopar-М 0.011 0.007 - 0.004
0.2 M TODGA in 1-decanol e Isopar-М 0.007 0.014 - 0.003
0.2 M TODGA in 1-nonanol e Isopar-М, saturated with 8 M HNO3 0.162 0.151 0.061 0.013
0.2 M TODGA in 1-decanol e Isopar-М, saturated with 8 M HNO3 0.113 0.139 0.072 0.010
30% TBP in Isopar-M, saturated with 8 M HNO3 0.023 0.008 0.212 0.037
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phase of the studied samples and the volume of evolved gases.
Signals from thermocouples and scales are processed and written
to the data file. The data file is a table of values of each parameter
which allows to express the dependence of the sample temperature
and the volume of evolved gas on time.
3. Results and discussion

Characteristics of gas evolution and the values of Texpl and Tex
under the most favorable for the development of a thermal ex-
plosion conditions determine the limits of safe operation. The
extraction mixture for fractionation of HLW is in contact with nitric
acid solutions. Thus, it was necessary to estimate the effect nitric
acid on the parameters of oxidation processes. Nitric acid extracted
by organic mixtures was used as an oxidizing agent in the case of
the single-phase systems, and an additional second phase e 8 and
14 M HNO3 aqueous solution was used for the two-phase systems.
The concentration of nitric acid in the extraction mixtures satu-
rated with 8 M HNO3 was determined before and after irradiation
(Table 1).

Irradiation leads to a decrease in the concentration of extracted
nitric acid by a factor of 4e5 due to its radiolysis and interaction
with the extraction mixture (Table 1). According to the results of IR
spectroscopy (Table 2), carboxylic acids are the main product of the
interaction of nitric acid with TODGA and n-alcohols in Isopar-M.
The concentration of nitro compounds (Table 2) was significantly
lower as compared to the previously studied irradiated extraction
system of 30% TBP in Isopar-M [6].

The presence of various nitro compounds is typical for saturated
with nitric acid and irradiated systems (Table 2). The concentration
of carbonyl compounds for saturated mixtures is much higher than
for mixtures non-saturated with nitric acid. Such differences are
especially significant for carboxylic acids and esters. After irradia-
tion of a system based on 1-nonanol, more carbonyl compounds are
formed.

Based on the obtained data on the concentrations of radiolysis
products, their radiation-chemical yields were calculated (Table 3).

A noticeable gas evolution in non-irradiated mixtures saturated
with 8MHNO3 starts at 150�Сwithout an induction period, and the
maximum of gas evolution is observed at 150e170�С. A gas evo-
lution decreases after the maximum due to a decrease in the
amount of oxidizing agent. The gas evolution parameters in both
single-phase systems are shown in Fig. 7. Parameters of gas evo-
lution dynamics for mixtures with different n-alcohols are close,
but the amount of gaseous products of n-nonanol oxidation is
bigger as compared to n-decanol. There are no detectable thermal
effects.

The maximum gas evolution rate in the extraction mixture
saturated with 8 M nitric acid increases two times after irradia-
tion. Volume of the released gases increases by 260% for n-
nonanol and 80% for n-decanol as compared to the non-
irradiated mixture. The reason is that radiolysis products of the
extraction mixture are more reactive, they interact with extrac-
ted nitric acid, which results in the formation of gaseous prod-
ucts. Volume of the gases released during heating in the
irradiated extraction mixture saturated with nitric acid is greater
than in systems without saturation with HNO3.

Parameters of the gas evolution in the two-phase systems
“irradiated extraction mixture e 8 or 14 M HNO3” (Figs. 8 and 9)
were determined at a volume ratio of organic to aqueous phases of
1:2. Brown colored gases, probably nitrogen oxides, were released
during thermolysis of the systems. Intense gas evolution began at
about 85 �C for mixtures in contact with 14 M nitric acid and 98 �C
in contact with 8 M nitric acid and ended at a sample temperature
of 110 �C.

The intensity of gas evolution and volume of the released gases
depend on the concentration of nitric acid in the aqueous phase
contacted with the extraction mixture. An increase in the concen-
tration of HNO3 from 8 to 14 M leads to a 5-fold increase in the gas
evolution rate and a 2-fold increase in the total volume of the
released gases. At the same time, the total volume of the released
gases in the case of irradiated two-phase systems samples is greater
for systems saturated with 8 M nitric acid than for systems satu-
rated with a more concentrated second phase (14 M HNO3).
Extractionmixtures in contact with 14M acid with lower Vsp values
are characterized with the maximum W values of 10.2 and 8.6
Lgas∙h�1∙Lliq�1 for n-nonanol and n-decanol, respectively.

Volume of the released gases in the system with n-nonanol is
10e20 Lgas∙Lliq�1 greater than in the mixture with n-decanol. The gas
evolution rate for the systems with n-nonanol is also higher. The
biggest difference (16 mL∙min�1) is observed in the systems satu-
rated with 14 M nitric acid.

It has been shown that there is a tendency to increase the vol-
ume of gaseous products (by about 20e30 Lgas∙Lliq�1) in irradiated
extraction systems compared to non-irradiated systems. The
maximum gas evolution rate for systems with 14 M nitric acid in-
creases almost 2 times and for systems with 8 M nitric acid this
parameter remains at approximately the same level. Systems with
14 M nitric acid demonstrate the maximum self-heating of about
5e6 �C during thermolysis.



Table 3
Radiation-chemical yields of radiolysis products of extraction systems saturated with 8 M HNO3 and irradiated up to a dose of 0.5 MGy.

System G, molecules/100 eV

RCOOH RCOOR1 RNO2 RCOR1

0.2 M TODGA in nonanol-1 e Isopar-M (1:4) 4.07 3.80 1.53 0.33
0.2 M TODGA in decanol-1 e Isopar-M (1:4) 2.83 3.48 1.80 0.25

Fig. 7. a) The maximum gas evolution rate (W) and b) the specific volume of the released gases (Vsp) in the single-phase systems containing TODGA in n-alcohol e Isopar-M solution
during thermolysis (T ¼ 170 �C).

Fig. 8. The maximum gas evolution rate (W) during thermolysis (T ¼ 110 �C) of the two-phase systems containing TODGA in n-alcohol (a: 1-nonanol; b: 1-decanol) e Isopar-M
solution in contact with nitric acid.

Fig. 9. Specific volume of the released gases (Vsp) during thermolysis (T ¼ 110 �C) of the two-phase systems containing TODGA in n-alcohol (a: 1-nonanol; b: 1-decanol) e Isopar-M
solution in contact with nitric acid.
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4. Conclusions

Heating of the non-irradiated single-phase extraction systems in
open vessels does not lead to the formation of conditions for the
development of autocatalytic oxidation even in the presence of a
strong oxidizing agent (nitric acid). Irradiation of the TODGA solution
inn-nonanolwith Isopar-Mresulted in intense gas evolutionwith the
disruption of thewater seal at a dose of 107 kGy, and in an increase in
the vessels surface temperature up to 32 �C. As a result of irradiation,
the concentration of extracted nitric acid decreased by 5 times. Irra-
diation of the extraction system leads to the accumulation of radiol-
ysis products e carboxylic acids, nitro compounds, ketones.

Saturation of extraction mixtures with 8 M HNO3 and their
subsequent irradiation up to a dose of 0.5 MGy led to an increase in
the volume of the released gases by 2 times as compared to un-
saturated mixtures. The maximum gas evolution rate for the irra-
diated TODGA solution in 1-nonanol with Isopar-M saturated with
8 M nitric acid increased by 260%.

An intense gas evolution (nitrogen oxides) for the two-phase
systems in open vessels began already at the pre-heating stage:
at 85 �C for the mixtures in contact with 14 M nitric acid, and at
98 �C in contact with 8 M nitric acid. The total volume of the
released gases and the gas evolution rate in all the systems with 1-
nonanol are higher as compared to the systems with 1-decanol,
which indicates their lower thermal stability.

The results of the present work indicate the possibility of using
n-decanol and n-nonanol in Isopar-M as diluents for TODGA solu-
tions (20 vol%) in accordance with the regulatory requirements
listed in Federal rules and regulations in the area of nuclear energy
of Russian Federation: NP-016-05 and NP-013-99 [2,3]. The safety
of technological processes with use of such solutions will be
ensured by: temperature control; the concentration of nitric acid in
contact with the organic mixtures below 2 M; elimination of the
possibility of depressurization of vessels and devices containing
mixtures of organic extractant with nitric acid solutions.
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