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1. Introduction

ABSTRACT

Object of research: Soil samples contaminated with radionuclides and processes for
treatment of contaminated soil.

The problem to be solved: Isolation of radionuclides from contaminated soil samples
by extraction with weak solutions of acids and alkalis.

Main scientific results: Treatment of soil samples contaminated with uranyl nitrate
using extraction with weak solutions of nitric and hydrochloric acid, caustic sodium
and subsequent washing of soil residues with distilled water is effective process and
leads to a more than tenfold decrease in the content of uranium isotopes (U*%, U,
U?* and U9 in the soil samples. At the same time, there is a decrease in the content
of natural radionuclides (Na??, K*°, Zn%, Sn!"3, Sn'?%) in the extracted soil samples. An
increase in their content in the extract of the analyzed soil samples corresponds to a
decrease in their content in the residue of the extracted soil samples. The analysis of the
values of the decrease in the content of natural radionuclides in the soil contaminated
with uranyl nitrate corresponds to the values of the decrease in their content in the
identical soil, but not contaminated with uranium isotopes. The combined extraction
with weak solutions of acids and alkalis leads to the enrichment of the soil with nitrates
and chlorine-containing compounds.

The area of practical use of the research results: Subdivisions of the Ministry of
Emergency Situations and Chemical Troops specializing in the study of emergencies
and natural disasters can use the results of these studies in the elimination of the con-
sequences of global environmental disasters and incidents that pose a threat to the life
of the civilian population and the personnel of paramilitary units.

Innovative technological product: The proposed method for treatment of soil con-
taminated with radionuclides makes it possible to more than tenfold reduce their con-
centration in the soil.

Scope of application of an innovative technological product: treatment of contami-
nated soil in areas affected by nuclear tests or accidents at nuclear power plants.

© The Author(s) 2021. This is an open access article under the Creative Commons CC BY license

1. 1. Object of research
The object of research is soil samples contaminated with radionuclides and the processes of
treatment of contaminated soil.
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1. 2. Description of the problem

Some areas of the soil of some territories of the country have been contaminated as a result
of the implementation of traditional oil production projects and the exploitation of numerous de-
posits of minerals. Oil wastes and radioactive elements associated with oil production, which have
been accumulating for decades on the territories of oil and gas production enterprises predominate
among anthropogenic pollutants. Emissions of effluents from physical treatment (washing) of oil
with purified water led to the accumulation of radionuclides in the surrounding areas around oil re-
fineries. Huge areas contaminated with heavy metals and radionuclides have arisen at the exploita-
tion of raw material deposits of cement and brick production. Such areas have arisen on the coastal
areas of large rivers, systematically polluted by wastes of chemical production, metal mining and
processing [1-4].

In the existing works in this area, the decontamination of contaminated soil surfaces, equip-
ment and uniforms is mainly studied [5-8].

In contrast to these works, our studies provide for the treatment of all soil to a usable state
and to a practically safe level.

1. 3. Proposed way to solve the problem

Previously, the distribution of natural radionuclides in soil samples and the processes of
treatment of these samples using methods of chemical soil treatment, and the processes of separat-
ing uranium isotopes from water using different adsorbents were studied [9, 10].

The development of methods for treatment of contaminated soil from radioactive com-
ponents in order to ensure radiation safety is one of the urgent problems of radiochemistry. The
possibilities of treatment of soil contaminated with uranyl nitrate and uranium isotopes have
been studied in the present work.

The aim of this research is to study the possibility of treatment of soil contaminated
with radionuclides. To solve this problem, radionuclides were isolated from samples of con-
taminated soil by extraction with weak acid and alkaline solutions followed by washing with
distilled water.

2. Materials and Methods

Measurements of the radioactive background in a local area contaminated with chemical
waste (residues of expired chemical reagents) were carried out using an InSpector 1000 (Canber-
ra) radiometer equipped with a gamma radiation detector and a Radiagem (Canberra) radiometer
equipped with gamma, alpha and beta radiation detectors. Atomic absorption (AA-6800, Shi-
madzu) and X-ray fluorescence spectroscopy (Expert-3L and XRF) and analyzes on a gamma
spectrometer equipped with a “Genie 2000 spectroscopic system and a germanium detector
of high purity and on alpha and beta spectrometers (Canberra) were carried out to identify and
evaluate the efficiency of the release of radioactive elements from soil samples. Certified point
radioactive sources and standard solutions of uranium isotopes with different activity were used
for the calibration. The decrease in the activity of the point source according to the half-life of
a particular isotope was taken into account for previously certified weak point sources [9, 10].

Treatment of uranyl nitrate contaminated (in the International Classification of Goods and
Services / ICGS / in class No. 1 is registered as a product category called “uranium nitrate”) soil
samples were carried out by their extraction with weak aqueous solutions of caustic potassium,
nitric acid, mixture /1:2/ nitric and hydrochloric acids. Some samples of the extracted soil were
subsequently washed /extracted/ also with distilled water. The energy spectra of ionizing rays were
recorded both from the remaining residue of the extract after its evaporation, and from the residue
of the extracted soil after each stage of the extraction.

3. Result

Previous analyzes showed that the activity of isotopes Na?, K*, Zn®, Sn'?, Sn'?¢ in soil of
the Shirvan region was 2.7, 2.5, 0.16, 0.07 and 0.3 Bq/kg, respectively. 40—96 % of the indicated
radionuclides (15-40 % of K*’) were extracted from the soil with the extraction by the described
above methods [9, 10]. The background values of radioactive gamma and beta radiation in the
Shirvan region were 0.12:10-¢ Sv/h and 1.22 quq/cmz, respectively.
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Soil samples taken from a local area of soil contaminated with chemical waste (residues
of expired chemical reagents, mainly uranyl nitrate /UO,(NO,),/ produced in the forties of the last
century) were analyzed in this work. The conclusion about the presence of this substance in soil
samples was made on the basis of acts of write-off of chemical reagents and generalization of the
analysis results (the appearance of cornflower blue coloration in reddish-yellow aqueous extracts of
this soil when diphenylamine crystals are added to them and the spectra of gamma, alpha and beta
spectrometric analyzes). This contaminated local soil area created a relatively high background of
gamma and beta radiation, values that were 0.60-10-° Sv/h and 3.72 chq/cmz, respectively. Weak
alpha radiation was also recorded by measurements carried out directly on the surface of this soil
area using the “Radiagem” radiometer.

The identification of the isotope in the contaminated soil was carried out by the value of
the energy of the rays emitted by it. The energies of gamma quanta emitted by U** were 186 and
144 keV, the energies of gamma quanta irradiated by U?4, U*¢ and U?®* were 53, 113, and 48 keV,
respectively. The most intense in height are the peaks corresponding to the energy of gamma quan-
ta irradiated by U?*, somewhat smaller in height, the peaks corresponding to the energy of gamma
quanta irradiated by U**, and for isotopes U** and U**, the intensity of the peaks corresponding
to the energy of gamma quanta from these isotopes is many times low. Duplicate measurements
were performed by alpha and beta spectroscopy. The alpha-ray energies emitted by U** were 4396
and 4365 keV, the alpha-ray energies emitted by U?**, U?¢ and U?® were 4775, 4494 and 4196 keV,
respectively.

The height of the spectral peak corresponds to the number of fixed energy beams emitted
by the isotope in a given time. The activity of the isotope in the soil extract was determined by
comparing the height of its spectroscopic peak with the height of the spectroscopic peak of the same
isotope in a point source or in a standard solution (with a fixed activity value in the certificate).

The total mass of the contaminated soil was dried up. These mass divided to parts with mass
of each 200 grams. The spectrometric analyzes carried out showed that in the soil contaminated
with uranyl nitrate wastes the ratio of the total content of compounds of the isotopes U?*¥, U?* to
the total content of isotopes U** and U?¢ is approximately 99:1. The activity of uranium isotopes
in all prepared soil samples (weighing 200 grams) was 30 Bq for U?*, 10 Bq for U?¥’, and less than
1 Bq for isotopes U?** and U?¢. The presence of the isotopes U?*, U?*5, U** and U**¢ were detected
at different ratios in trace amounts of the yellowish salt of uranyl nitrate, found on the bottom of
glass jars of expired chemical reagents produced in the forties of the last century. The change in the
ratio of these isotopes apparently occurred due to the modification of the composition of the salt,
buried in the soil for more than half a century.

Samples of soils contaminated with uranyl nitrate were extracted with dilute solutions of
nitric acid in distilled water, aqueous solutions of sodium hydroxide and with the mixture of nitric
acid and hydrochloric acid (1:2). The remaining part of the soil was re-extracted with distilled water
as well, after transferring to a glass flask and filtering the extract. The activity of uranium isotopes
in the filtered and partially evaporated extract, as well as in the soil residue, was determined each
time.

The degree of extraction of uranium isotopes from the soil sample was estimated by study-
ing the decrease in the activity of uranium isotopes in the soil and the increase in their activity
in the extract. The results of the extraction of uranyl nitrate from samples of contaminated soil,
weighing 200 grams, with diluted aqueous solutions of acids and alkalis, are shown in Tables 1-3.

Table 1
Decrease in the content (activity) of uranium isotopes in a soil sample (200 g) upon extraction with sodium
hydroxide solutions in distilled water

Activity of uranium isotopes, Bq

Soil sample studied by gamma spectroscopy at different stages of experiments

U238 U235 U234, U236
Initial soil sample 30 10 1
In the soil residue after extraction with 0.2 M sodium hydroxide solution 28 9 0.8
In the soil residue after extraction with 0.5 M sodium hydroxide solution 26 8 0.6
In the soil residue after extraction with 1.0 M sodium hydroxide solution 24 7 0.4
In the soil residue after extraction with 2.0 M sodium hydroxide solution 18 5 0.1
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Table 2
Decrease in the content (activity) of uranium isotopes in a soil sample (200 g) upon extraction with solutions
of nitric acid in distilled water

Activity of uranium isotopes, Bq

Soil sample studied by gamma spectroscopy at different stages of experiments

U238 U235 U234’ U236
Initial soil sample 30 10 1
In the soil residue after extraction with 0.2 M nitric acid solution 27 9 0.7
In the soil residue after extraction with 0.5 M nitric acid solution 24 8 0.5
In the soil residue after extraction with 1.0 M nitric acid 20 6.5 0.2
In the soil residue after extraction with 2.0 M nitric acid 13 4 0.05

Table 3
Decrease in the content (activity) of uranium isotopes in a soil sample (200 g) upon extraction with solutions
of mixtures of nitric and hydrochloric acids in distilled water

Activity of uranium isotopes, Bq

Soil sample studied by gamma spectroscopy at different stages of experiments

U238 U235 U234, U236
Initial soil sample 30 10 1
Soil residue after extraction with a solution of a mixture of 0.2 M nitric 24 3 0.6
and 0.4 M hydrochloric acids '
Soil residue after extraction with a solution of a mixture of 0.5 M nitric 20 6.5 03
and 1.0 M hydrochloric acids ' ’
The rest of the soil after extraction with a solution of a mixture of 1.0 M nitric
.. 13 4 0.1
and 2.0 M hydrochloric acids; 3 15 0.05
— followed by extraction with 1.0 M sodium hydroxide solution ’ '
The rest of the soil after extraction with a solution of a mixture of 2.0 M nitric
. . 3 1 0.04
and 4.0 M hydrochloric acids; N 0.5 0.02

— followed by extraction with 1 liter. distilled water

The results of the performed gamma spectroscopic analyzes show an increase in the content
(activity) of uranium isotopes (U?*#, U**, U?* and U**®) in evaporated extracts of the analyzed soil
samples with an increase in the concentration of used acidic and alkaline solutions. An increase in
the content (activity) of uranium isotopes in the extracts corresponds to a decrease in the content of
isotopes in the remains of the extracted soil samples, within a confidence interval of errors of +5 %.

As can be seen from Table 3, the results of the combined extraction of contaminated soil
with acids, alkali and water lead to a significant / approximately tenfold / decrease in the content
of uranium isotopes in the soil. In addition to a decrease in the content of uranium isotopes in the
extracted soil samples, a decrease in the content of other natural radionuclides is observed, also.
At the same time, the results of reducing the content of natural radionuclides (Na??, K*, Zn%, Sn'%,
Sn'*) correspond to the values of reducing their content (30-90 %) when extracting identical soil
samples, but not contaminated with uranium isotopes [9, 10].

The combined extraction with acids and alkali reduces the values of gamma and beta radia-
tion from the mass of the contaminated soil to the values of the soil not contaminated with uranium
nitrate (0.1-10° Sv/h and 1.0 quq/cmz, respectively). It is observed also the enrichment of the soil
with chlorides and nitrates formed as a result of the neutralization reaction.

4. Discussion

The decontamination of contaminated soil surfaces, equipment and uniforms is studied in
the published scientific works [5—8].

After treating the contaminated soil with weak acidic and alkaline solutions, the rest of the
soil, in addition to being treated from the main contaminating radioactive substance, the soil is
also cleared of trace amounts of natural radionuclides. In addition, the treated soil in the process of
extraction with weak acid and alkaline solutions is enriched with nitrates and chlorides.

An approximately twofold decrease in the content of uranium isotopes in the soil is observed
when extracting soil samples with weak solutions (0.—2.0 M) of sodium alkali and nitric acid. How-
ever, a more than tenfold decrease in the content of uranium isotopes in the contaminated soil is
observed at the treatment of contaminated soil samples with a mixture of weak solutions of sodium
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hydroxide and nitric acid with further washing of the soil residue with distilled water. Relatively
large amounts (1 liter) of solutions of sodium hydroxide, nitric acid and distilled water were used
to extract samples of contaminated soil weighing 200 g. These ratios between amounts of used re-
agents and the mass of the treated soil are optimal. Since for a further insignificant increase in the
depth of treatment of a much larger amount of reagents is required, which significantly reduces the
profitability of the treatment process.

In contrast to the existing work, our studies provide for the treatment of all soil to a usable
condition and to a practically safe level. After treating the contaminated soil with weak acidic and
alkaline solutions the soil samples in addition to being treated from the main contaminating radio-
active substance is also treated from trace amounts of natural radionuclides. In addition, the treated
soil in the process of extraction with weak acid and alkaline solutions is enriched with nitrates and
chlorides.

Literary materials describing methods of decontamination of various contaminated sur-
faces, equipment and uniforms describe the process of washing away, migrating pollutants from
surfaces to the soil or washing them from the upper soil layer to other areas or into a relatively low
soil layer [6—8].

In contrast to these traditional treatment methods, the method of treatment and decontami-
nation of soil with weak acid and alkaline solutions studied by us considers the release of radionu-
clides from the entire soil mass.

However, in order to apply these results on the scale of the industrial technological process
of treatment of contaminated soil areas, it is necessary to carry out further research with the imple-
mentation of the results obtained using specially developed automated equipment.

5. Conclusion
The combined extraction of contaminated soil samples with mixtures of weak solutions
(0.2-2.0 M) of nitric acid and caustic alkali, followed by washing the soil residue with water, leads
to a decrease in the content of U?* in the soil from 90 Bq to 2 Bq, U**® from 10 Bq to 0.02 Bq, U**
and U?*® 1 Bq to 0.02 Bq. An increase in the content of uranium isotopes in the extracts of the
analyzed soil samples corresponds to a decrease in the content of these isotopes in the remains of
the extracted soil samples. The comparative analysis of the values of the decrease in the content
of natural radionuclides in the soil contaminated with uranyle nitrate corresponds to the values of
the decrease in their content in the identical soil, but not contaminated with uranium isotopes. Ex-
traction with weak aqueous solutions of nitric acid and caustic sodium leads to the enrichment of
chlorides and nitrates formed during the combined extraction of contaminated soil.
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