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Abstract

The radioactive contamination in the exclusion Chernobyl zone is mainly due to fuel particles present on the ground.
Dissolution of these particles causes leaching of radionuclides to increase with time. The kinetics of dissolution of
Chernobyl fuel particles were determined in solutions of different acidities, using material obtained by crushing actual
irradiated Chernobyl fuel and by its oxidation for 1-21 h in air at a temperature of 670 K. Oxidation results in su-
perficial cracking of the particles and an increase in their surface area and, therefore, higher dissolution rates for such
particles than for non-oxidised ones. Dissolution rate of fuel particles increases in acid and alkaline mediums. The
dissolution rates obtained for non-oxidised and oxidised fuel particles (UO,.,) in solutions of different acidities can be
used as a basis for narrowing the scope of assessments for prognosis of changes in the radiological situation in the
Chernobyl zone. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

Radiologically significant radionuclides such as *°Sr,
238-241py and ' Am were released from the Chernobyl
reactor during the accident, mainly as fuel particles of
sizes ranging from a few microns to hundreds of mi-
crons. Fuel particles were detected in the radioactive
fallout both close to the reactor [1-5] and at great dis-
tances in Western Europe [6-11].

The particles of low-oxidised uranium oxide were
formed due to the destruction of nuclear fuel during the
explosion on 26 April 1986, which has created a narrow
western trace of release. In the subsequent reactor fire,
which lasted from 26 April 1986 to 5 May 1986, the
nuclear fuel was oxidised and deposited mainly in the
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north and the south of the plant. While the release of the
volatile products of nuclear fission (Kr, Xe, I, Te, Cs,
etc.) increased with the temperature of the nuclear fuel,
the formation of fuel particles due to the oxidation of
fuel in air prevailed at temperatures of 600-1200 K (with
a maximum oxidation rate at a temperature of about
900 K) [12]. Thus, even at relatively low temperatures,
when the release of volatile fission products was not
significant, the oxidation of nuclear fuel and further
release of radionuclides associated with the matrix of
fuel particles is possible in some accidental situations.
Due to the dissolution of the fuel particles, the ra-
dionuclides passed from the fuel matrix into soil solu-
tion. Being associated with the fuel particle matrix,
radionuclides in initial fallout had very low migration
ability compared to the same radionuclides in condensed
fallout and in global fallout. This is why, in the initial
period after the Chernobyl accident, the attempts to use
the regularities obtained earlier for global fallout re-
sulted in substantial overestimation of radionuclide
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migration in the near field (especially for *°Sr). The
quantification of the radionuclides source term is nec-
essary to determine the evolution of the transfer of the
radionuclides in the soil and thus the level of plant
contamination for radiological situation prognostics and
for the planning of countermeasures.

Therefore, the definition of dissolution rates of the
fuel particles in different conditions is one of the most
important key tasks for long-term prediction of radi-
onuclide behaviour in the vicinity of the Chernobyl
nuclear power plant and in the study of any other ab-
normal hypothetical situations resulting from the release
of particles of irradiated nuclear fuel.

It was shown in studies of the kinetics of Chernobyl
fuel particle dissolution in soil that the fuel particle
dissolution rate under natural conditions is determined
both by the properties of the fuel particles (oxidised or
not) and by the acidity of the medium [13]. For a better
understanding of the processes and to determine fuel
particle dissolution rates in a wider range of parameters,
experiments were carried out under strictly controlled
conditions. In the experiments, described below, fuel
particle oxidation and solution acidity were studied as
the main factors influencing and determining the fuel
particle dissolution rate.

2. Materials and methods
2.1. Preparation of samples

Two small pieces of UO, of the real irradiated un-
destroyed Chernobyl nuclear fuel were mechanically
cracked from the same tablet and were used as the initial
samples in the current research. The uranium dioxide
had a burnup 6.5 4+ 0.9 MW day/kg, a 2U/*3¥U ratio of
0.0143 +£0.0017, a density of 10.54+0.9 g/cm® and a
specific activity on 26 April 1986 of 650 + 90 MBq/g for
Sr and 770 £ 50 MBq/g for '¥’Cs [14].

To determine the dissolution rate of the non-oxidised
fuel particles (analogous to the particles of the first
Chernobyl release) the first piece of UO, (about 1 mg),
was crushed in a quartz crucible. In order to simulate the
oxidation of fuel particles during the accident, the sec-
ond piece of fuel (about 5 mg), was annealed in the 50
cm? quartz crucible for 1 h in a muffle furnace in air at a
temperature of 670 4+ 20 K. As a result of annealing, the
piece was crushed into small particles. The resulting
powder was divided into six aliquots. Five of them were
placed in separate quartz crucibles and then annealed at
the same temperature as before for different periods of
time (2, 4, 6, 12 and 20 h). As previously shown [14],
such annealing causes negligible release of radionuclides
from hot particles (<1%) even for radiocaesium (tem-
perature of volatilisation close to 700°C). Then, the
particles from each quartz crucible were washed with

100 ml of 0.001 M hydrochloric acid, stirred and filtered
through a filter with a diameter of 47 mm and a pore size
of 0.22 pm (Millipore MF). The washing solutions were
then analysed by y-spectrometry and beta counting.
34Eu contents in these solutions were lower than the
detection limit, which means that there were no sub-
micron fuel particles in the solutions that could pass
through the filter. On each filter, the particles sizes were
evaluated.

2.2. Dissolution of the samples

Each filter with the fuel particles was cut into five
approximately equal parts. Each part of the filter was
analysed using the y-spectrometer. *’Sr activity in each
sample was calculated using the results of '*’Cs mea-
surements and the known *°Sr/'3’Cs activity ratio in the
initial piece of fuel [14], taking into account the pro-
portion of activity that passed into the washing solution.
Each sample was placed in a plastic beaker containing
100 ml of solution of different acidity:

e pH 3:0.001 M HCJ,

pH 4: 0.0001 M HCI;

pH 5: 0.00001 M HCI;

pH 6.86: 0.025 M Na,HPO, + 0.025 M KH,POy;
pH 9.18: 0.01 M Na,B,0; - 10H,O.

The samples were shaken every two days. Once the
solutions had stood for a given time (total reaction times
1, 8,24, 42,70, 100, 133, 182, 281 and 342 days) at room
temperature (20-25°C) the solid samples were trans-
ferred to new beakers with the fresh corresponding so-
lutions. '**1¥7Cs, 'Eu, *Sr activities had been
determined in ‘old’ solutions as well as the activity of y-
emitting radionuclides in the solid in order to check the
radioactivity balance. At the end of the experiment (342
days), the residual °°Sr activity in fuel particles was
measured in some of the samples. The correct radioac-
tivity balance was found for all radionuclides. No sig-
nificant difference was found in the transfer of the
different radionuclides ('**!¥Cs, '*Eu, *°Sr) from the
particles to the solution, which shows that radionuclides
had been leached because of the dissolution of the fuel
particle matrix. All the calculations below are therefore
shown for '7Cs as its activity measurements had the
smallest uncertainty (the uncertainty did not exceed 5%
in any of the measurements). Solution acidity was
checked using a pH-meter during all phases of the ex-
periment, and its variation in hydrochloric acid solu-
tions did not exceed 0.2.

2.3. Measurements

Particles size was determined by an image analysis
system using BioScan Optimate software in a mode in-
volving automatic step-by-step scanning of the filter
surface.
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Measurements of the activities of y-emitting radio-
nuclides in all samples were carried out using a y-spec-
trometer with GEM-30185 semiconductor detector of
high-purity germanium ADCAM-300 and a multichan-
nel analyzer (Ortec, USA). Standard radiochemical
methods and a Canberra-2400 low-background radi-
ometer (USA) were used for measurement of *Sr ac-
tivity in the samples.

Electron micrographs of the fuel particles were taken
with a Hitachi S-3500N scanning electron microscope
using a secondary electron detector (resolution 3.5 nm).

3. Results and discussion
3.1. Fuel particles size distribution

The median diameter of the particles obtained by
crushing and annealing varied between 12 and 6 um. It
decreases to 6 pm (i.e., the size of the initial uranium
dioxide crystallite) at longer annealing periods (Table
1). Size distribution of fuel particles is well described
by a lognormal law [14]. These results are in good
agreement with the data obtained earlier, when the size
distribution of fuel particles was measured by means
involving a method of sedimentation in water [14].
There is also a good agreement with the fuel particle
sizes observed in the Chernobyl radioactive fallout
[6,13].

134137Cs transfer into washing solutions was higher
than **Sr (Table 1), which can be explained by the higher
migration ability of radiocaesium in uranium dioxide
matrix compared to that of *°Sr during normal reactor
operation. The portion of easily washable activity
(Table 1) increases with the duration of annealing of the
fuel particles in air. This cannot be explained by the
diffusion of radionuclides on the surface of the particles
at the relatively low annealing temperature (670 K),
because at this temperature the diffusion of radiocae-
sium is very low and the diffusion of radiostrontium
negligible.

Table 1

Fuel particles observed from SEM analyses show
that mechanical crushing causes the fuel to break into
separate grains and conglomerates of grains (crystallites)
with a smooth surface (Fig. 1(a)). As a result of an-
nealing in air, the oxygen penetrates (for a period of less
than 1 h) the entire grain matrix and causes it to crack
(Fig. 1(b)—(f)). It significantly increases the free porosity
of the fuel particles and their effective surface available
to the washing solutions. Thus the measured differences
are explainable in terms of different surface areas. Un-
fortunately a direct measurement of the surface area of
fuel particles by BET is difficult because of their high
activity level (mass required 2 g).

The results for easy washing of radionuclides (2-7%
for *°Sr and 3-10% for 'Y7Cs) from the fuel particle
surface are in good agreement with analogous data for
initial Chernobyl fuel fallout in the first few days of the
accident [15].

3.2. Particles dissolution kinetics

The process of fuel particles dissolution has been
described as a first-order kinetic equation [16-18].

d4/dt = —kA, AFP = A,/Ay = exp(—kt), (1)

where AFP is portion of undissolved particles, and 4, and
Ay are the activity of particles at time ¢ after deposition
and at the time of initial deposition, respectively.

Results obtained in studies of the dynamics of radi-
onuclide leaching from the matrix of fuel particles oxi-
dised to different extents into solutions of different
acidities are shown in Table 2.

Non-oxidised particles of crushed nuclear fuel have
the lowest dissolution rate. In 342 days, less than 2% of
activity passed from these particles to solutions of pH
5-7, and only about 6% into solutions of pH 4 and 9. It
was only in acid solution of pH 3 (which is untypical in
the environment) that the transfer of radionuclides
reached about 30% (Fig. 2).

Fuel particles annealed in air at a temperature of
670 K dissolved much more readily than non-annealed

Parameters of lognormal distribution of fuel particle size distribution and proportions of activity passing into the washing solution

Annealing m* s° Median diameter Portion of activity in solution (%)
period (h) of particles (um) 137 134 g 90gy
0 2.05 0.60 9.3 33 3 2.3
1 2.33 0.63 12.5 5.1 6 2.9
3 2.13 0.52 9.7 6.4 5 3.9
5 1.92 0.44 7.5 5.3 6 4.0
7 1.85 0.41 6.9 7.7 9 4.6
13 1.91 0.42 7.4 8.5 10 6.2
21 1.78 0.36 6.3 10.3 12 6.6

#m=mathematical expectations of particles diameter logarithm.
®g=mean quadrant deviations of particles diameter logarithm.
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Fig. 1. Scanning electron micrograph (SE-mode) of the particles obtained by crushing nuclear fuel (a) and by its annealing in air at a
temperature of 670 K for 1 h (b), 3 h ((c) and (d)), 7 h (e) and 21 h ().

ones whatever the pH. For instance, even in a neutral
medium at pH 7 more than 10% of their activity was
leached into solution in 342 days. At pH 3, most of
these particles dissolved and only about 20% of activity
remained in them. Varying the annealing period be-
tween 1 and 21 h induces a slight increase of dissolu-
tion of fuel particles (Fig. 2). However, it is difficult to
determine a relationship between the annealing period
and the oxidation degree of the fuel particles.

For both non-annealing and annealing fuel parti-
cles, the dissolution rate during the first month of the

experiment was higher as compared to the following
period (Table 2). This can possibly be explained by
the washing out of activity that remained in the free
porosity of particles after the previous washing. Be-
sides, dissolution of fuel particles is initially more
effective at the various defects of matrix structure as
compared with the dissolution of deeper (more stable)
layers. For this reason, with the most acid solutions
(pH 3) it is better to apply a two-exponential func-
tion for description of the kinetics of fuel particle
dissolution:



229

V.A. Kashparov et al. | Journal of Nuclear Materials 279 (2000) 225-233

660 <00 w90 194 LE 0¢ €C SLl el 0L 6'¢ el ¥S0 <6
¥6°0 100 1T°0 091 611 L'11 I'6 69 ¥'s 9'¢ 9N L9'1 080 69
960 100 [€°0 €C Ic 991 ¢el 96 69 8 v'e £6'l 6L°0 S
660 00 660 [ €S oy 13 [44 yel 901 Y 9'¢ 69°0 14
880 €0 0¢C 08 LL IL ¥9 9¢ 9y £¢ 144 Lyl 9'¢ € ¥4
860 00 860 oy 143 8¢ [44 191 &9t €9 e $6°0 9’0 49
860 10°0 Yo 6l 191 4! 96 L 149 3 [ 8C'1 ¥9°0 69
660 100 €0 LT €C L91 LTl €6 €9 (A% 8¢ 1 69°0 S
L6°0 €00 99°0 194 oy 9¢ 144 [44 Sel 601 09 I'e 8L0 14
S6°0 0 €C 98 8 SL L9 9¢ 9 [43 1c L0l 9T € €l
660 100 IS0 LE Ie 144 6°L1 0¢l 1’0ol s 6C ¥6°0 €0 <6
60 100 81°0 Lel 0¢Cl ol L8 99 s Se £C 6C'1 1570 69
¥6°0 <00 8C0 8°0¢ ¥'81 091 LTl €6 €9 9v 0¢ se'l 9’0 S
860 00 880 8¢ 0S 33 €C 8Pl '8 <9 3 89°1 g0 14
$6°0 [0 £C S8 18 €L S9 ¥S 194 0€ 661 ol [ € L
66°0 100 S¢S0 oy 6'¢ce 0°LT ¥'0C [EY! 601 8¢ e 10°1 ¥e0 49
¥6°0 100 IT0 91 <yl L11 86 V'L LS Se £C 49! 9¢'0 69
660 100 0€°0 €C Ic L'S1 L01 L8 I'9 6'¢ 9¢C 18! 1’0 S
660 <00 ¥8°0 59 8v Se 8¢ €6l ol 6'L 6'¢ L1 6v'0 14
60 40 [ €8 08 L ¥9 39 94 0€ y'6l ol I'c € S
660 100 LEO 6¢ ¥ 961 0¥l 011 8 9v LT ¥8°0 6£°0 <6
160 100 S1°0 L1l 901 06 'L 145 (4 8T 0T [1a! ¥9°0 69
¥6°0 100 o ¥'81 V'Ll ad! 0ClI '8 L'y Se N4 91’1 90 S
660 00 €L’0 0s w [43 9¢ 881 86 '8 Le w1 144U 14
L80 €0 6’1 8L 9L 69 65 IS [44 143 6¢ v'6l e € €
860 00 LY0 123 0¢ 14 981 01 01 6y LT 60 LEO <6
160 100 Y1°0 011 €6 L'L 79 6v 6'¢ 67T I'c STl 99°0 69
L6°0 100 o 891 141! L11 6 L9 144 (43 £C STl £5°0 S
660 00 99°0 o oy 6C 86l I'vl ¥'6 9v ¥'C LET 850 14
w60 1’0 Sl IL L9 09 39 94 143 144 891 L6 e € !
L6°0 100°0 990°0 8¢ 8y Le 9¢C S6'l 99°1 STl 960 600 1o 49
¥6°0 100°0 (4L 0Tl 680 LY0 0€0 0¢0 61°0 LT°0 ¢1o [45Y 010 69
L6°0 1000 810°0 S9'1 or'1 SLO 190 170 ¥e0 6C0 §co 61°0 <o S
66°0 10070 900 LS 9v 8¢ €61 €51 Y01 €L0 €50 61°0 91°0 14
(42 o 90 €e (43 Ie 6< LT Y4 (44 LST €9 STl € 0
d
o y  skep gpe  sAep 187 sKep g8] sKep ¢¢1  sep 001  sAep oL  skepgy  skepyg skep g Kep | no:ﬁow potiad
A (—T8ak) ¥ 11918 UONN[OS OJUI XL BW ] WOIJ PALIQJSURI) (%) ANANOR 8D, PAIL[NWINOOE JO UONIO  JO APy  Junseoy

() uonewrxoidde Jo ANIQeI[dI pUE (;_IBIA “Y) SIUBISUOD UOIIBULIOJ
-suer) opnIed [9nJ PIALISP PuR ‘ANIPIOR JUSIAPIP JO SUONN[OS OJUT UONIBPIXO JUIIMIP JO [ON] JBI[ONU [KOUISYD) PIIBIPBLIL JO sa[onIed Jo XINBW Wolj SUI|ord] 80, JO Somueuiq

C 2lqeL



230 V.A. Kashparov et al. | Journal of Nuclear Materials 279 (2000) 225-233

Accumulated ¥'Cs activity (%) transferred to
solution after 342 days

annealing time

[D0hB1hE3h@5h@7h @13h @21h]

Fig. 2. '¥7Cs leaching from fuel particles matrix of different
oxidation state into solution of different acidity after 342 days.

AFP = cexp(—kit) + (100 — ¢) exp (—kat), (2)

where for particles of crushed non-oxidised nuclear fuel
the fast and slow components of the transformation
constant at pH 3 are equal to k; = 19+ 1 year™! and
ky =0.11 £0.01 year™!, and ¢ = (26 £ 1)% — the corre-
sponding part of activity (R* = 0.997). For annealed
particles the corresponding values are k; = 5 + 2 year™!
and k, = 0.7+ 0.2 year™!, and ¢ = (70 & 20)%.

The results obtained show that the minimum fuel
particle dissolution rate is found (for all degrees of
particles oxidation) in neutral solutions with a pH close
to 7. Fuel particles dissolution rate increases both in acid
and alkaline mediums, which agrees well with the liter-
ature data [19]. Dependence of the fuel particle trans-
formation constant on the solution acidity can be
described by the function

k = al0CH) 4 p10WeH)
= a(lO’(apH) + % 10-7CH5) lo(ppH)) 3)
for 0k /d(pH)|y_; = 0.

For the particles of non-annealed irradiated nuclear fuel,
a=9+14 year!, « =0.540.1 and f = 0.6 +0.2. For
oxidised fuel annealed in air for 1-21 h at a temperature
of 670 K, a=234+5 year’!, o=0.35+0.05,
p=03+0.1.

The appearance of particles after dissolution in so-
lutions of different acidities is shown in Fig. 3. Non-
oxidised fuel particles remaining in neutral solution for
342 days do not differ from particles before dissolution
(Fig. 3(a)). It seems that this transfer to solutions of less
than 2% of their activity during the period of observa-
tion can be related to the washing of radionuclides from
the surfaces of the particles. Dissolution of analogous

particles in an acid medium (pH 3) resulted only in

surface corrosion (Fig. 3(b)). Annealed fuel particles

crumbled into small pieces even in neutral solutions

(Fig. 3(c) and (d)). Dissolution of these particles is ob-

served at structure defects throughout the particles. This

creates specific ‘filamentary’ structures (Fig. 3(f) and

(g)). The effective surface of such particles is much

higher than their observed external geometrical surface.

This seems to be the reason why the first-order ki-
netic equation adequately describes the process of dis-
solution of oxidised fuel particles both under natural
conditions [13] and in laboratory mediums even without
consideration of their real initial particle size distribu-
tion.

The dissolution rates obtained both by laboratory
experiments and field data [13] are gathered on Fig. 4.
For annealed fuel particles, the dissolution rates are
higher than those of oxidised fuel particles deposited on
soils (north and south direction). Conversely, for non-
annealed fuel particles, the dissolution rates obtained in
laboratory are lower (Fig. 4). Several explanations may
be suggested:

e First, it is possible that the fallout of particles in the
north, south and west directions are not constituted
of pure forms, respectively, oxidised (north and
south) or non-oxidised (west). We can assume that
different kind of particles with different oxidation de-
grees have been deposited on the soils. A study devot-
ed to the isolation of hot particles from the peaty soil
Chistogalovka (located 4.4 km WSW of the Cher-
nobyl nuclear power plant) [20] has shown that some
of these particles present traces of fusion on their sur-
faces due to a high temperature during the explosion
which has induced an oxidation of the fuel.

e During the accident, the fuel particles were in contact
with different substances at high temperature, which
could result in the formation of complex chemical
species with dissolution kinetics different from those
of uranium oxides (for example particles with surfac-
es covered with zirconium).

e The chemical compositions of soil solutions differ un-
der natural conditions from the chemical composi-
tions of solutions used in the experiments.
Nevertheless, these results allow to estimate the

maximum and minimum dissolution rates of fuel parti-

cles for different pH whatever their oxidation states.

4. Conclusions

Radionuclide leaching rates from fuel particles de-
posited after the Chernobyl accident are dependent on
both the physico-chemical characteristics of particles
and environmental conditions. The results presented in
this paper show the influence of fuel particles oxidation
and solution acidity on the fuel particle dissolution rate.
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SE 02-Apr-99 0-3d WD 7.5mm 5.00kV x15k

SE 29-Mar-99

Fig. 3. Scanning electron micrograph (SE-mode) of the particles obtained by crushing nuclear fuel ((a) and (b)) and by its annealing in
air for 21 h fuel ((c)—(g)) after 342 days dissolution in solutions of pH 7 ((a), (c) and (d)) and pH 3 ((b), (¢)—(g)).
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Fig. 4. Dependence of the transformation constants on the
acidity of solutions (soil, 8.9) for particles of irradiated nuclear
fuel: 1 — non-annealed fuel particles; 2 — annealed for 1 h; 3 -3 h;
4-5h;5-7h; 613 h; 721 h; 8 — dependence for the real
Chernobyl fuel particles deposited at the northern and southern
and 9 — western trace of release.

The most significant factor influencing the fuel par-
ticle dissolution rate is oxidation of the particles. Oxi-
dation causes superficial cracking of the particles which
greatly increases their effective surface and, therefore,
their dissolution rate. The process of dissolution of fuel
particles, both under natural conditions and in labora-
tory mediums, is adequately described by a first-order
kinetic equation [13]. Fuel particles oxidised for 1-21 h
in air at a temperature of 670 K have transformation
constant values in solutions of pH 4-9 that are greater
by one order of magnitude than analogous values for
non-oxidised fuel particles obtained by crushing the fuel.
The dissolution rate for both oxidised and non-oxidised
fuel particles is minimal in a neutral medium, while in
acid and alkaline mediums it increases. Dissolution of
oxidised fuel particles results in their crumbling into
small pieces which exhibit ‘filamentary’ structures and
greater areas. This can explain the good fit of the first-
order kinetic equation to the process of fuel particle
dissolution in various solutions.

The parameters obtained for dissolution of non-oxi-
dised and oxidised fuel particles (UO,.,) in the solutions
of different acidities can be used to estimate changes in
the radiological situation in the Chernobyl zone and in
cases of radiation accidents resulting in the release of
particles of irradiated nuclear fuel. For a quantitative
prediction of radionuclides release by dissolution of fuel
particles, a precise determination of their oxidation de-
gree and surface area is necessary. The acquisition of
these parameters requires complementary studies.

On the basis of the results obtained, the different
admixtures can, if necessary, be applied to modify the
acidity of a medium, as an effective countermeasure for
decreasing fuel particle dissolution in the environment
and thus, inhibition of the leaching of radionuclides into
mobile forms and their involvement in processes of
biomigration and migration in ground and surface
water.
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