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Abstract

The reaction kinetics of Ag,O films on Ag with aqueous iodide forming Agl were followed
by a novel method of monitoring open-circuit potential (Eoc) under static and rotating conditions.
The solid-liquid interfacial kinetic parameters can then be determined by measuring t as a function
of surface area of Ag,O and I concentration. In this study, the application of the technique is
extended to examine the effect of mass transport on the reaction kinetics by measuring t; as a
function of electrode rotation rate.

1. Introduction

One safety concern for nuclear power reactors is the potential for the public to be exposed to
a radiation dose in the unlikely event of a severe nuclear accident. In such an accident scenario, a
primary concern is the reactor inventory of fission product radioiodine, due to its radiological
toxicity and potential for release to outside atmosphere [1-10]. It is postulated that radioiodine
would be released from the fuel, into the fuel channel and subsequently into the containment
building, and that although initially released into the containment as airborne species (aerosols and
vapors), it would quickly dissolve as non-volatile iodide in water ubiquitously present throughout
the building. A small fraction may, however, remain airborne, or revolatilize and become airborne
again via the continuous conversion of non-volatile I” to volatile I, or organic iodides in water by
ionizing radiation. For the analysis of the consequence of such an accident and post-accident
management, it is important to assess the airborne fraction of radioiodine over a long period until
the radioactivity of iodine decreases to a safe level [1-10].

One of the reactions that may control iodine volatility under the post-accident containment
conditions is its reaction with silver. Nuclear reactors have built-in special safety systems for
potential upset events, including shutdown systems to absorb neutrons and stop the chain reactions.
The most common shutdown system is solid mechanical shutdown rods, typically made of silver-
cadmium, where cadmium is the neutron absorber and silver is added for structural support. In a
severe accident scenario, it is postulated that control rods would melt and release silver from the
reactor core into the containment building. Accordingly, severe-accident simulation experiments
[13,14] have shown a significant release of Ag into the containment vessel, consequently leading to
a more significant reduction in iodine volatility than initially predicted, and attributed this to the
silver iodine interactions forming highly insoluble and non-volatile silver iodide.

Under the postulated severe accident conditions, silver may enter the aqueous phase as a
variety of species (Ag, AgOH, Ag,O and AgO), and the reactivities differ widely depending on
iodine species. Since the speciation of silver and iodine may evolve with time under the dynamic
irradiation conditions, determination of the airborne iodine fraction requires quantitative
understanding of the reaction kinetics and mechanisms of individual species of silver and iodine.
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We have previously investigated the solid-solid conversion of Ag,O to Agl on Ag substrate in
phosphate-buffered iodide solutions using a novel electrochemical method [11,12]:

Ag,0 +2 1"+ H,0 > 2 Agl + 2 OH™
1)

These studies have demonstrated that completion of the conversion of Ag,O to Agl brings
about a sudden drop in open circuit potential, Eoc, which allows easy and accurate determination of
the total reaction time, t; [11]. Kinetic parameters are then easily determined from the total
reaction time measured as a function of the initial amount of Ag,O on Ag and I” concentration [11].

Our previous studies were performed under stagnant conditions. Since the observed net
reaction rate was approaching the aqueous diffusion-controlled rate, there is a strong possibility that
the rate might have been mass transport limited. To separate the contribution of I transport to the
Ag,0 surface from the reaction kinetics at the surface, the Ag,O to Agl conversion has also been
investigated as a function of electrode rotation rate in this study.

2. Experimental Procedure

A three-electrode system, consisting of a silver working electrode (area of 0.385 cm?), a
platinum mesh counter electrode, and a saturated calomel reference electrode (SCE) was used for all
electrochemical measurements. All potentials are quoted against the SCE scale (+241 mV vs. standard
hydrogen electrode). All experiments were conducted at room temperature in either Ar-purged 0.01
mol dm™3 NaOH (Caledon, 97.0 % purity) or 0.02 mol dm~ NaH,PO, (Caledon, 97.0 % purity) with
the pH adjusted to 12 with NaOH (Celedon, Reagent Grade). All solutions have been prepared with
water purified using a NANOpure Diamond UV ultra-pure water system (Barnstead International) with
a resistivity of 18.2 MQ cm. Potassium iodide solutions were prepared with concentrations in the
range 4 x 10 t0 5 x 10~ mol dm™>.

Prior to each experiment, the Ag electrode was manually polished with 800, 1000, and 1200
grit silicone carbide papers, washed with Millipore water, ultrasonically cleaned in an
acetone/methanol mixture, and re-washed with Millipore water. A potential of -1.1 V was applied for
300 s to cathodically clean the Ag electrode from any air-formed oxide. After cathodic cleaning, a
Ag-0 film was grown potentiostatically by applying + 0.4 V, until the total oxidation charge reached a
desired value, typically in the range of 0.035 — 0.065 C. These conditions were selected to minimize
AgO formation, which is expected to commence at + 0.6 V vs. SCE [15,16]. The Ag,O-covered
electrode was then transferred to a 0.01 mol dm~ NaOH solution containing a known amount of K.
The reaction between Ag,0 and I~ was monitored by measuring the open circuit potential (Eoc) as a
function of time.

The morphology of the electrode surface under varying solution conditions were obtained with
a Hitachi S-4500 field emission SEM equipped with a Quartz Xone energy dispersive X-ray (EDX)
analysis system to analyze the elements present on the surface. Micro X-Ray Diffraction data was
conducted on a Bruker™ D8 Discover diffractometer in an off-coupled scan mode where 6, = 6, and
0, = 16.5 and beam diameter was 300 um. The diffractometer was operated with CuK o radiation
generated at 40 kV and 40 mA.
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3. Results & Discussion

The rate of a solid-liquid interaction is determined by both the transport of the aqueous reactant,
I, to the reactant surface, and the kinetics of the reaction between I” and Ag,0 on the surface. The
overall rate constant, Kapp, Of the binary kinetic system is typically expressed as

11 1
_ 2
K kK @)

app mass surf

where Kmass 1S the mass transport coefficient and kgt IS the surface reaction rate constant. The
results reported previously were collected under stagnant conditions, and the observed rate constant
approached an aqueous diffusion-controlled rate. This indicates that the apparent reaction rate
might have been mass transport limited, and to determine whether this was the case, the Ag,0 to
Agl conversion kinetics was studied as a function of electrode rotation rate.
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Figure 1: (a) Eoc as a function of reaction time and its dependence on rotation speed; b) total
reaction time vs. (L/w"?). The reaction conditions were oxides grown to (Qag,0)0 0F0.05C, [I']o =

5 x 10~* mol dm™ under phosphate-free solution, and rotation speed ranging from 0 to 50 Hz.

Figure 1a shows the effect of electrode rotation rate on the Eoc behaviour. The electrode
rotation does not affect the general trend in Eoc; it initially remains close to (E®) 0,4, » PUt drops to

(E®) agi/ag immediately upon completion of the conversion. The total reaction time determined by the

major transition in Eoc is a strong function of the rotation rate. The solution to the convective-
diffusion equation describing transport at a rotating disk is well established [20] and provides the
diffusion boundary layer thickness, dgiff, as a function of electrode angular velocity, o:

Saiff = 1.61-DY3 . M2 .6 9
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where v is the kinematic viscosity and has units of cm” s ™, and @ = 2xf, where f is the rotation
frequency. Since the mass transport rate is inversely proportional to dgjfr,

— 4
kmass s ( )
From equation 2, 3, and 4,
Ty = Tgu +Coin o? )
with,
(QAgZO)O ' 1

£ = - 6
fon F'(AEIec)'[I ]0 I(surf ( )

where T IS the total reaction time at infinitely fast electrode rotation and Cgis is a proportionality
constant.

Equation 6 states that t; would increase linearly with » ', and the intercept of the t; vs.
o ¥ plot provides a value of T4 from which the surface reaction rate constant, ks, can be
obtained. The tqys Value obtained using the least-square analysis in phosphate-free NaOH solutions
(Figure 1b). It was determined to be 64 s for an initial Ag,O film grown to a total charge of 0.05 C,
and exposed to 5 x 107* M I7, resulting in keus = 4.2 x 107 cm s™*. This value is about an order of
magnitude larger than the net rate constant obtained under static conditions, indicating that the
aqueous transport of 1" to the Ag,O surface is the rate determining step under stagnant conditions.

To investigate the influence of phosphate in more detail the experiments with rotating
electrodes were also conducted with phosphate present during both the growth of the Ag,0O film and
the chemical conversion. The results obtained with phosphate present also show the same electrode-
rotation dependence of t;: an increase in electrode rotation rate results in a decrease in t;. The Ksyf in
phosphate solution is determined to be 7.5 x 107 cm s (results not shown). This value is ~ 20 times
larger than the net rate constant obtained with no rotation in phosphate solution.

The surface reaction rate constant observed in the presence of phosphate is
approximately twice that observed in the absence of phosphate: 7.5 x 1072 vs. 4.2 x 102 cms™.
The difference is small, only slightly larger than experimental uncertainty which is estimated to be ~
+ 35 %, and is partially attributed to the difference in the initial surface area (A,,,), of the Ag.O

films grown in the presence and absence of phosphate.
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Figure 2: SEM images of a Ag,O film grown to (Q,,,,),0f 0.05 C in the absence of phosphate (a)
and in the presence of phosphate (b).

SEM images of Ag,O films grown with the same amount of charge, 0.05 C in phosphate-
free and 0.02 mol dm™2 NaH,PO, solutions are compared in Figure 2. The Ag,O crystals grown in
NaH;PO4 solution vary in diameter, with a dimension typically in the range of 200 — 500 nm,
whereas those grown in phosphate-free solutions are more evenly sized and typically 200 nm in
diameter. This difference likely arises from the different rates of film growth in the two solutions;
films grown in the presence of phosphate generally grow much faster.
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Figure 3: u-XRD patterns recorded for oxides grown in the presence of 0.02 mol dm™ NaH,PO,
(top pattern) and in phosphate-free NaOH (bottom pattern). The experimental conditions were
oxides grown to (Q,, ), 0f 0.05 Cat + 0.4 V. The black diffraction lines correspond to silver, and

the grey diffraction lines to correspond to silver oxide. The asterisk identifies the peak not present
in the phosphate-free Ag,O diffraction pattern.

Another possible contributor to the different surface reaction rates is the incorporation of
phosphorous into the Ag,O matrix during initial anodic Ag,O film growth in phosphate solutions.
Surface analysis by XRD support the hypothesis that incorporation of phosphate into the Ag,O
matrix occurs. A clear difference in the X-ray diffraction pattern, Figure 3, is observable as a peak
at 20 = 18° appears in the diffraction pattern of the Ag,O film grown in phosphate-containing
solutions. This peak is absent from the pattern of the Ag,O film grown in NaOH and does not
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correspond to NaH,PQO,4, which may precipitate on the surface in the event of insufficient electrode
rinsing.

Nevertheless, its presence in the oxide matrix does not seem to have any influence on the
mechanism or kinetics of the conversion, as the surface reaction rates in both solutions are very
similar. Considering the variability in surface area discussed above, the rates show that neither the
incorporation of phosphate into the Ag,O film, nor its presence during the interaction of Ag,O with
I, significantly affects the reaction orders or the rate constant.

4. Conclusions

The reaction kinetics of the Ag,O film on Ag substrate with aqueous I” to form Agl was
followed by monitoring open-circuit potential. Complete conversion of Ag,O to Agl was indicated

by an abrupt transition in the Eoc from a value close to (E®),; ;,,,t0 @ value close to (E®)

allowing for an easy determination of the total reaction time, t;. The kinetic parameters of the solid
Ag,0 and aqueous iodide reaction were then determined by measuring t; as a function of the
amount of Ag,0 anodically formed on Ag and the aqueous concentration of I".

The effect of mass transfer on the reaction kinetics was investigated by measuring the total
reaction time as a function of electrode rotation rate. The total reaction time was found to be
inversely proportional to the square root of the rotation rate, and extrapolation of the rotation rate
dependence to infinite rotation speed enabled us to determine a surface chemical reaction rate with
reasonable accuracy. This surface reaction rate constant was about an order of magnitude larger
than the net conversion rate constant obtained under stagnant conditions, indicating that the
conversion is largely mass-transfer limited under stagnant conditions.

The influence of phosphate in electrolytes on the conversion reaction was also investigated.
The surface reaction rate constant in phosphate solutions was approximately twice that in the
absence of phosphate: 7.5 x 107 vs. 4.2 x 102 cm s™*. This difference is small, and is partially
attributed to the difference in the initial surface area or surface structure (A, ), 0f the Ag,O films

grown in the presence and absence of phosphate. Although the XRD analysis results suggest the
incorporation of phosphorous into the Ag,O matrix during the initial anodic Ag,O film growth in
phosphate solutions, this study suggests that its presence does not seem to have any influence on the
mechanism or kinetics of the conversion.
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