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Abstract

In the case of intact fuel claddings, the predominant source of radioactivity in the primary circuits of water-cooled
nuclear reactors is the activation of corrosion products in the core. The most important corrosion product radionuclides
in the primary coolant of pressurized water reactors (PWRs) are ©Co, **Co, >!Cr, **Mn, *Fe (as well as '™ Ag in some
Soviet-made VVER-type reactor). The second part of this series is focused on the complex studies of the formation and
build-up of *Co-containing species on an austenitic stainless steel type 08X18H10T (GOST 5632-61) and magnetite-
covered carbon steel often to be used in Soviet-planned VVERs. The kinetics and mechanism of the cobalt accumu-
lation were studied by a combination (coupling) of an in situ radiotracer method and voltammetry in a model solution
of the primary circuit coolant. In addition, independent techniques such as X-ray photoelectron spectroscopic (XPS)
and ICP-OES are also used to analyze the chemical state of Co species in the passive layer formed on stainless steel as
well as the chemical composition of model solution. The experimental results have revealed that: (i) The passive be-
havior of the austenitic stainless steel at open-circuit conditions, the slightly alkaline pH and the reducing water
chemistry can be considered to be optimal to minimize the ®*Co contamination. (ii) The highly potential dependent
deposition of various Co-oxides at £ > 1.10 V (vs. RHE) offers a unique possibility to elaborate a novel electrochemical
method for the decrease or removal of cobalt traces from borate-containing coolants contaminated with °Co and/or
8Co radionuclides. © 2001 Elsevier Science B.V. All rights reserved.

PACS: 82.55.+¢; 81.65.Kn; 79.60.Ht

1. Introduction contamination in the primary loop are caused by various
radioactive corrosion products. The most important
corrosion product radionuclides in the primary side
coolant of pressurized water reactors (PWRs) are ®Co,
8Co, ’'Cr, **Mn, *Fe (as well as """ Ag in some Soviet-

made VVER-type reactor) ([3-9] and references cited

It is well known that in the primary circuit of water-
cooled nuclear reactors there are three main sources of
the radioactive contamination: (a) fission products and
actinides released from faulty fuel elements; (b) activa-

tion of feed water and its impurities; (c) activation of
various corrosion products [1,2]. Under normal operat-
ing conditions (when there is no fission product release
due to fuel cladding failure) the majority of radioactive
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therein). The two cobalt isotopes are known to be the
predominant contaminants, but the ®*Co bears a special
importance owing to its relatively long half-life (5.27
years) and high-energy y-photons (1.17 and 1.33 MeV).
These two factors work towards ®*Co causing up to 80%
of the radiation exposure to the reactor operating per-
sonnel. Thus, it is no wonder that the formation and
accumulation of cobalt on different surfaces and under
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various conditions have been the scope of many studies
so far (see e.g., [3-8] and references cited therein). In
spite of the great effort put out by both Western and
Eastern research groups, many issues of cobalt con-
tamination are still open to debate. It can easily be
understood that knowledge of the fundamental aspects
of cobalt deposition is needed, which may facilitate the
elaboration of more efficient surface prevention and/or
decontamination procedures.

The aim of the second part of this series is therefore
to present some findings obtained by the in situ radi-
otracer, voltammetric and X-ray photoelectron spec-
troscopic (XPS) studies of cobalt accumulation on
austenitic stainless steel type 08X18H10T (GOST 5632-
61) and magnetite-covered carbon steel surfaces. In ad-
dition, we report some preliminary results measured in a
semi-plant model system by making use of an ex situ
radiotracer method and ICP optical emission spect-
rometry in order to demonstrate the potentialities of a
novel electrochemical method for the decrease or re-
moval of cobalt traces from borate-containing coolants.

2. Experimental section
2.1. In situ radiotracer, voltammetric and XPS studies

The in situ radiotracer experiments, aimed to study
the kinetics and mechanism of cobalt contamination on
steel surfaces, were conducted following the same pro-
tocol described in our previous papers [8,9]. All the
equipments (including the XPS instrument utilized),
chemicals and specimens were identical with those
applied earlier [9]. The additional voltammetric mea-
surements were carried out by a VoltalLab 40 (Radio-
meter)-type  electrochemical = measuring  system
controlled by PC.

All the experiments were carried out at room tem-
perature in a model solution of the primary cooling
circuit of VVER-type nuclear reactors. (The composi-
tion of this solution is tabulated in Table 1.) Disk-
shaped electrodes (diameter: 10.0 mm; thickness: 2—
3 mm) were cut from austenitic stainless steel type

Table 1
The composition of the model solution (pHys o« = 7.7)

Component Concentration (g kg’])
H;BO; 3

KOH 52 x 1073

NaOH 0.4 x 1073

LiOH 32 %1073

NH; 30 x 1073

N3H4 0.02 x 1073

0, <0.02 x 1073

cl, S0 <0.05 x 107

08X18HI10T (GOST 5632-61) and magnetite-covered
carbon steel. The stainless steel samples (5 specimens)
were polished to optical quality with emery paper and
diamond paste (down to 0.25 pm), while the magnetite-
covered ones (2 specimens) were polished only very
slightly in order to save the magnetite layer. The pre-
pared specimens were degreased with ethanol, washed
with Millipore water and introduced in to the radio-
electrochemical cell of the in situ electrode-lowering
method [8,9].

The ®Co isotope was purchased from Izinta, Hun-
gary having a molar activity of 3.3 x 10'2 Bq mol ™.
Characteristic properties of the isotope are listed in
Table 2 [10]. Throughout the experiments the cobalt
concentration was set to 1 x 107 mol dm~* in the so-
lution phase. The surface amount of sorbed cobalt spe-
cies was calculated from the intensity of the f-radiation
emitted by Co (Egm.x = 318 keV) by making use of the
following relationship [8,9]:

IAC

" oy oxp ) M
where I' is the surface excess of sorbed Co species
(mol cm™?) i.e., the g-moles of Co-containing species
adsorbed on 1 cm?, I,: counting rate proportional to the
amount of Co species adsorbed on the working electrode
(cpm), Ig: counting rate originating from the bulk so-
lution (cpm), c: solution concentration (mol cm™), pu:
linear attenuation coefficient for B-radiation of “°Co in
dilute water solution (u = 66.5 cm™!, [11]), f»: measured
value of the saturation backscattering factor (fb austenitic =
1.25; fomagn = 1.30), x: actual thickness of the solution
gap (cm), y: roughness factor of the electrode surface.
Due to the lack of an appropriate method to determine
the real surface area of the steel electrodes (i.e., to cal-
culate the roughness factor of the electrode surface (y)),
we provide the surface excess data as a product of I'y.
All the potential values quoted in this paper are on the
reference hydrogen electrode (RHE) scale.

2.2. Experiments in semi-plant model system

In the knowledge of the selective deposition pro-
cesses of Co-oxides at potentials above 1.10 V, a
column-like semi-plant adsorption system was elabo-
rated for the purification of borate-containing coolants

Table 2
Characterizing features of the “Co radioisotope

Half-life E, Probability Ejgmax Probability
(year) (MeV) (%) (MeV) (%)
5.28 0.694 0.02 0.318 100

1.173 100

1.332 100
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Fig. 1. Schematic of the semi-plant purification system. (1) Potentiostat; (2) Function generator; (3) Adsorption column filled up with
stainless steel splints; (4) Glass container for the model solution; (5) Peristaltic pump. (Electrodes: A: auxiliary; R: reference;

W: working)

contaminated with ®*Co and/or **Co radionuclides. As
may be seen from Fig. 1, this decontamination system
consists of an adsorption column filled up with stain-
less steel splints having a geometric surface area of
about 3200 cm?, a peristaltic pump, a glass container
for 5 dm® model solution labeled with ®Co and sili-
cone rubber piping. The surface of the stainless steel
splints in the column had undergone cyclic polarization
in the potential range 1.00-1.60 V (vs. RHE) using an
EF-421-type potentiostat and an EF-1808-type func-
tion generator (both made by Electroflex, Hungary).
The model solution contaminated with “Co (ccomy =
1 x 1077 mol dm™) went through the column contin-
uously and the cobalt concentration was analyzed
chronologically by measuring the intensity of the
y-radiation of 20 cm® solution samples. For the mea-
surement of y-photons a Canberra-type HpGe semi-
conductor detector attached to a multi-channel
pulse-height analyzer (PCA-Multiport 8k, Oxford Inc.,
USA) was applied. In addition, the concentration of
various metals dissolved from the stainless steel splints
into the solution was studied by ICP optical emission
spectrometry (type of spectrometer: ICP Thermo Jarrell
Ash ICAP 61E).

3. Results and discussion

3.1. Voltammetric, in situ radiotracer and XPS studies of
Co accumulation

As mentioned in Section 2, the measurements were
carried out in the same sequence as before in the case of

the """ Ag [9]. First the voltammetric behavior of the
steel sample/borate buffer solution interface was studied.
Fig. 2 shows the potentiostatic polarization curves of the
austenitic stainless steel in a model solution of primary
coolant in the absence and presence of Co(II) species.
The current density vs. potential curves in Fig. 2 are in
accordance with the cyclic voltammograms presented in
[9], and reveal that the austenitic stainless steel exhibits
passive properties in a wide potential range (up to 1.10
V), including the corrosion potential. Addition of cobalt
species to the solution phase does not exert any signifi-
cant effect on the shape of the above voltammograms
in the passivity region up to the concentration of
1 x 10 mol dm™>.

0.10 0.60 1.10 1.60 210
EIV

Fig. 2. Potentiostatic polarization curves of austenitic stainless
steel type 08X18H10T (GOST 5632-61) in a model solution of
primary side coolant at various Co(II) concentrations: (1) 0;
(2) 1x1077; (3) 1 x107% (4) 1 x 10~° mol dm™>. Scan rate:
0.166 mV s™".
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Voltammetric features of magnetite-covered carbon
steel in borate buffer solution both in the absence and
presence of Co(II) species are identical with those re-
ported earlier (see Fig. 5 in [9]). Namely, an active dis-
solution of the carbon steel proceeds at the above
potentials to yield surface covered by more and more
corrosion products.

In the light of the voltammetric measurements, the
accumulation of cobalt species (labeled by ®Co) was
studied on steel surfaces by the in situ electrode-lowering
radiotracer method.

In Fig. 3 the time dependence of cobalt sorption can
be seen at austenitic stainless steel type 08X18HI10T
(GOST 5632-61) surface. The sorption exhibits satura-
tion feature after about 20 h, although the amount of
cobalt accumulated on the surface is extremely low. The
maximum surface excess measured was about 2.5 x
1072 mol ecm™ which is approximately 0.5% of a
monolayer coverage calculated assuming close pack-
ing of the cobalt hydrolysis products (I'yp =4.3 x
1012 mol em™2) [12]. In spite of the low level of con-
tamination, the parallel measurements performed on
different stainless steel specimens reveal good repro-
ducibility of the I' values. A verification of this state-
ment is given by the I' vs. time curves obtained in three
parallel experiments (see the inset to Fig. 3). The 20%
difference in the I' values may most likely be attributed
to the different roughness factors of the given steel
samples.

Potential dependence results of cobalt contamination
on austenitic stainless steel are shown in Fig. 4 (the
surface excess values depicted in this figure were mea-
sured after 30 min contamination period). In the
potential range —0.10 to 1.10 V (the passive region of
this steel sample) only slight changes in the surface ex-
cess can be observed (curves 1, 2 and 2’). On the nega-
tive-going branch one may see a minor increase in the I’

10"I/mol cm®

10°l/cpm
3.0
1
20 4 20 10”I/mol cm® 2.0
1.0 1 1.0
0.0 T T 0.0
0 10 20 30

t/h

Fig. 3. Time dependence of ®Co sorption on austenitic stain-
less steel in the model solution at open-circuit potential. Curves
1-3 in the inset were obtained under identical experimental
conditions on three parallel (different) steel samples. Open-cir-
cuit potential values are 0.84 (curves 1 and 3) and 0.83 (curve 2).

10"T'/mol cm* 10*l,/cpm

6.0 - 6.0
10”/mol cm® 1

4.0 - 4.0

2.0 - 2.0

00 t—m——mFm7——r— - 0.0
-0.2 0.2 0.6 1.0 gv 14

Fig. 4. Potential dependence of ’Co sorption on austenitic
stainless steel in model solution containing 1 x 10~ mol dm™
Co(II). Arrows indicate the open-circuit potential values. Curve
1: polarization into negative direction starting from open-cir-
cuit potential (E = 0.83 V). Curve 1": after negative polarization
potential was set to £ = 0.83 V and polarization into positive
direction. Curve 1”: finishing polarization after reaching
E =1.40 V. Curve 2: polarization into positive direction start-
ing from open-circuit potential (£ = 0.84 V). Curve 2": polar-
ization into negative direction after reaching £ = 1.20 V.

values. It may be the result of the reduction of oxygen
traces to OH™ (O, +2H,0 +4e” =40H ), which
promotes the formation of cobalt hydrolysis products
possessing much higher sorption ability than the Co**
ions. (Later, we shall give a more detailed explanation
for the above-mentioned phenomenon.) In these labo-
ratory-scale investigations the inert gas (high-purity
argon) bubbling through the solution removes the vast
majority of the dissolved oxygen from the solution,
while in a PWR-type nuclear reactor the reducing water
chemistry (addition of NH; and/or N,H4) may help to
overcome this problem.

Interesting potential dependence results were ob-
tained upon polarizing the austenitic steel surface above
1.10 V. The corresponding curves are 1’ and 1” in Fig. 4.
During a period of 30 min the surface excess values in-
creased by one and half orders of magnitude and kept
on growing upon cathodic polarization too. This con-
spicuous behavior was investigated in separate voltra-
diometric experiments in the course of the continuous
cyclic polarization of the sample in the range 1.10-1.40
V. The resulting curves are depicted in Fig. 5. It is clear
from the curves that: (i) the cobalt layer is growing
continuously on the surface, (ii) the bigger the cobalt
amount on the surface, the bigger the cobalt intake
during the cathodic-going polarization. Similar findings
were reported by Varga and Kolics [13] on polycrystal-
line gold surface in a borate buffer solution. Therefore,
the potential dependent depositions of cobalt above
E =1.10 V are almost identical on a noble metal and on
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Fig. 5. Accumulation of “Co on austenitic stainless steel from
model solution containing 1 x 106 mol dm~> Co(II) upon cy-
clic polarization in the range 1.0-1.4 V vs. RHE. Arabic
numbers beside the curves correspond to the number of cycles.
Scan rate: 10 mV s™!.

a stainless steel surface (which is in a transpassive state),
giving a strong indication of the unique sorption feature
of the cobalt species rather than the surfaces studied.
Moreover, it should be noted that such a phenomenon
has only been experienced in solutions containing borate
species, however, the exact role of borate ions (and
complexes) in this process is not clear at the moment
[13,14].

Considering the potential diagram of Co-containing
species at pH =7.7 (see Fig. 6) the possible mechanism
of the high cobalt deposition found above 1.10 V is as
follows [8,13]:

1. The oxidation of previously deposited Co(II) species
to Co(IV) may proceed at anodic potentials accord-
ing to the following equations:

Oxidation number

+4 +3 +2 0

|
1.477 1.065 2+ -0.279
Co0, '

CoOOH—  Co —  — Co

Co.0, 1.091

Fig. 6. Potential diagram of Co-containing species at pH ="7.7.

e Formation of Co(IIl)-oxide:

Co’" +2H,0 <= CoOOH + 3H" + e~ (2)
3Co*" + 4H,0 <= Co030, + 8H" 4 2¢~ (3)
3Co(OH), <= C030, + 2H" + 2H,0 + 2¢~ (4)
C030, + 2H,0 <= 3CoOOH + H" +e¢". (5)
e Formation of Co(IV)-oxide:

Co*" 4+ 2H,0 < Co0, + 4H" + 2¢~ (6)
CoOOH <= Co0, + H" +¢™. (7)

2. The reduction of Co(IV) in the course of the cathodic-

going polarization is coupled with the build-up of
Co*" jons from the solution phase in the range
1.00-1.60 V (embedding of Co(Il) into the surface
Co-oxide layer):

2C00; + Co*" +2e~ <= Co030,. (8)

In order to give a verification of the above mechanism,
i.e., to characterize the chemical state and depth profile
of the cobalt in the passive oxide layer of the steel
sample XPS experiments were carried out. For this
purpose 20 x 20 mm rectangular samples of the au-
stenitic stainless steel type 08 X18H10T (GOST 5632-61)
were polarized continuously in the potential range
1.0-1.4 V in the model solution containing 1 X
10-® mol dm™® inactive Co(II). Cobalt was found in
trace amounts (~0.2%) only on the sample surface,
which was cyclically polarized in the above-mentioned
potential range for 2000 times. This very small amount
of surface Co species made it impossible to acquire
chemical information about the deposited cobalt. Fig. 7
shows the Co2p3 peak recorded during Ar-ion sputter-
ing. As can be seen from this figure, the cobalt peak
overlaps with the LMM Auger-transition of iron; the
wide and intensive Auger-peak hinders the resolution
and decomposition of the cobalt peak. It is, however,
interesting to compare the detection limits of the XPS
measurements and the radiotracer electrode-lowering
method. Fig. 5 clearly shows that in the radiotracer ex-
periment 50 polarization cycles caused a significant in-
tensity surplus as high as 50 000 cpm.

The comparative measurements shown in Fig. 8 re-
veal that the cobalt accumulation on magnetite-covered
carbon steel from model solution under open-circuit
conditions is two orders of magnitude higher than on
austenitic stainless steel. Moreover, the I' vs. time curve
does not show the equilibrium feature and the cobalt
deposition is very intensive even after 17 h. Polarizing
the surface in the potential region of —0.1 to 1.1 V
(starting from the open-circuit potential) the amount of
cobalt continuously decreases (see Fig. 9), which is the
contrary of the behavior found at the austenitic stainless



236 K. Varga et al. | Journal of Nuclear Materials 298 (2001) 231-238

10" counts/s

810 800 790 780 770
Binding energy/eV

Fig. 7. XPS scans of the FeLMM Auger-peak of austenitic
stainless steel sample after 2000 polarization cycles in the po-
tential region of 1.0-1.4 V in model solution containing
1 % 107 mol dm > unlabeled Co(II).
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0 2 4 6 8 10 12 14 16 18
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Fig. 8. Time dependence of Co sorption on magnetite-covered
carbon steel in model solution under open-circuit (£ = 0.37 V)
conditions.

steel surface. The mobility study in Fig. 10 shows that it
is also impossible to mobilize the deposited cobalt either
by addition of boric acid or by great excess of inactive
Co(II). The latter effect is indicative of the strong em-
bedding of the cobalt species into the surface oxide layer
of the sample.

The conspicuous behavior of Co accumulation on
magnetite-covered carbon steel may be explained by
considering two factors: (i) the distribution and relative

10"T/mol cm * 10°1,/cpm
5.0 ‘
3.0
4.0
3.0 7
2.0
2.0 7
1.0
1.0 1
0.0 T T T T T T T 0.0
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
EIV

Fig. 9. Potential dependence of Co sorption on magnetite-
covered carbon steel in model solution containing
1 x 107 mol dm™* Co(Il). Arrow indicates the open-circuit
potential (£ = 0.37 V). Curve 1: polarization from open-circuit
potential to 1.1 V. Curve 1’: polarization from 1.1 to —0.1 V.

10"/mol cm”® 10°1,/cpm
. .
} H,BO,
Co
3.0 l
2.0
2.0
1.0
1.0 7
0.0 T T T T T T T 0.0
0 2 4 6 8 10 12 14
t/h

Fig. 10. Study of the mobility of ®Co adsorbed on magnetite-
covered carbon steel upon the increase of boric acid concen-
tration up to 13 g dm™ and the addition of inactive cobalt in
great excess (104 mol dm™). Arrows indicate the moment of
addition.

adsorbability of the hydrolysis products of Co(II) at
cco < 1 x 1075 mol dm 3, and (ii) the active dissolution
of carbon steel surface in the entire potential region
studied.

The relative proportion of different Co(II) species as
a function of the pH of the borate buffer solution, cal-
culated on the basis of data reported in [15], is depicted
in Fig. 11. At lower pH values, up to about pH=7.5,
Co*" jons are present mostly in the solution. Above this
value various hydrolysis products such as CoOHY,
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Fig. 11. Distribution of Co(II) hydrolysis products as a func-
tion of the pH in the model solution at 25 °C. Equilibrium
relationships were calculated on the basis of the data reported
in [15].

Co(OH),, Co(OH);, Co(OH);  tend to be formed. As
has been pointed out in various laboratories (e.g., [3-8,
12-18]), the sorption ability of COOH™ and Co(OH), is
significantly higher than that of Co®". Also, the litera-
ture data (see e.g., [3-8,16,17] and references therein)
testify that on various iron oxides at pH > 8.0 the cobalt
contamination increases. However, when the formation
of Co(OH); and Co(OH); ™ starts to take place, the
surface excess of cobalt decreases, because the solubility
of these hydrolysis products is higher than that of
Co(OH),.

Therefore, the high rate of cobalt deposition on the
magnetite-covered carbon steel may most likely be at-
tributed to the effects of the heavily corroding and
transforming carbon steel base metal. Namely, the cor-
rosion products being formed and dissolved into the
solution phase facilitate the formation of the cobalt
hydrolysis products (CoOOH" and Co(OH),) in borate
solution (owing to the change in the local pH near the
steel surface), which most likely accumulate at and em-
bed into the oxide layer. Also, the continuous rough-
ening of the steel surface as a consequence of the intense
corrosion processes provides favorable conditions for
extensive cobalt accumulation.

10 1dm'n"  14.5dm’

100 dm*n™

=
10® Int / cpm

10% ¢ / mol dm?
g P T

Time/h

Fig. 12. Time dependence of the solution concentration and
intensity of radioactive cobalt species measured at various
volume rates in the course of the decontamination of a model
solution of the primary side coolant in semi-plant purification
system.

3.2. An attempt for the decontamination of primary
coolant in semi-plant model system

In the light of the selective deposition processes of
Co-oxides on austenitic stainless steel at potentials
above 1.10 V, experiments were performed in a column-
like semi-plant adsorption system (Fig. 1) elaborated for
the purification of borate-containing coolants contami-
nated with ®Co and/or ¥Co radionuclides. We
attempted to study the change in the solution concen-
tration (and activity) of Co isotopes as a function of
various parameters (such as time, polarization rate,
polarization region, volume rate of coolant pumped
through the column, formation and geometric surface
area of the stainless steel adsorbent). Fig. 12 shows some
preliminary results of the time dependence of the selec-
tive decontamination of *°Co containing solutions ob-
tained under experimental conditions detailed in Section
2. As demonstrated in Fig. 12, a significant part (up to
80%) of the total amount (and activity) of ®*Co can be
removed from the coolant within a period of 60 h. It
should be highlighted here that the concentrations of
various metals dissolved from the steel splints into so-
lution during the treatment were found to be under the
detection limit of the ICP-OES method (ccppe < 0.01
mg dm™, ey < 0.02 mg dm™3, e < 0.03 mg dm73).
All these data give further verification of the mechanism
proposed by Egs. (2)—(8).

4. Conclusion

The results of the laboratory-scale studies carried out
using a combination of the in situ radiotracer electrode-
lowering method and voltammetry underlined the im-
portance of the strict control of operating parameters in
water-cooled nuclear reactors. It has been found that:
(1) The passive behavior of the austenitic stainless steel at
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open-circuit conditions, the slightly alkaline pH and the
reducing water chemistry can be considered to be opti-
mal to minimize the °Co contamination. (ii) The highly
potential dependent deposition of various Co-oxides at
E >1.10 V offers a unique possibility to elaborate a
novel electrochemical method for the decrease or re-
moval of cobalt traces from borate-containing coolants
contaminated with ®*Co and/or 3¥Co radionuclides.

The column-like adsorption system elaborated for
the semi-plant decontamination of primary side coolants
provides very promising preliminary results, however,
the optimization of the experimental conditions requires
further investigations.
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