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Abstract

Metallic silver and iodine form insoluble AgI in the containment sump which has a major impact on iodine volatility

and hence on the source term to the environment. Resistance-in-series models are developed and validated against

separate-e�ects tests. The reaction between I2 and Ag is limited by mass transfer in the liquid. The rate does not follow a

parabolic law for the duration of the experiments. The extent of oxidation of the silver sample seems to play a decisive

role for reactions with Iÿ which proceed via a two-step process. The initial, rapid step is controlled by the reaction with

the surface silver oxide with a contribution of mass transfer in the liquid. The subsequent, slow step is limited by re-

action between Iÿ and Ag� at the solid±liquid interface. The reaction is probably negligible for pH > 7 and in the

absence of oxidising conditions. Ó 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

In the case of a loss-of-coolant accident in a nuclear

power plant the temperature rise would lead to sub-

stantial failure of the fuel rods giving rise to a release of

®ssion products into the primary circuit and eventually

into the containment. Knowledge of the behaviour of

radioactive ®ssion products is essential for the prediction

of the source term to the environment during a severe

accident. The behaviour of radioiodine is of special in-

terest as it forms volatile compounds which are di�cult

to contain in the case of a containment leak and due to

its biological activity that poses a cancer risk after ac-

cumulation in the thyroid gland.

In a severe accident the silver±indium±cadmium

control rods usually employed in Light Water Reactors

(LWR) would also fail due to the prevailing high tem-

peratures causing the release of silver, indium and cad-

mium. Results of the ®rst test FPT-0 of the Phebus-FP

programme [1] and new studies on the e�ect of silver on

iodine volatility [2±4] suggest that the presence of a large

amount of silver has a major impact on the volatility of

iodine from solution. The reaction of silver (Ag) with

either water-soluble iodide (Iÿ) or dissolved molecular

iodine (I2) leads to the formation of silver iodide (AgI),

which is non-volatile and has a very low solubility in

water [3]. Provided that AgI withstands radiolytic de-

composition it represents a permanent iodine sink and

reduces the amount of volatile iodine present in the

containment atmosphere.

The behaviour of iodine observed in FPT-0 and that

predicted by containment chemistry simulations di�ers

considerably indicating that current models do not sat-

isfactorily treat relevant reactor accident phenomena. In

particular, models for the reaction of Ag with I and its

consequences on iodine volatility under severe accident

conditions have to be developed and validated against

experimental data and then included into iodine codes.

In this work we propose a model that describes the

reaction between Ag and I and which incorporates

transport phenomena, i.e. mass transport in the liquid

and the solid phase, as well as the chemical reaction at

the reaction interface, considering these processes as

`resistances in series'.

2. Experimental basis

The model to be developed in this work is based on

separate-e�ects tests performed by AEA Technology
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(AEAT) [2] and Siemens [3] in the absence of radiation.

The AEAT Ag±Iÿ experiments were performed in two

batches using (1) Ag powder or (2) Ag mesh, the latter to

obtain a better-de®ned surface area of the Ag sample

and to avoid agglomeration of the particles. The Ag±I2

experiments were performed with Ag mesh. The tests

investigate a possible dependence of AgI formation on

factors such as pH, temperature, initial iodine concen-

tration and stirring of the test solution. The Siemens

experiments investigate the reaction of Ag powder with

both Iÿ and I2 and cover a wide range of accident-rel-

evant conditions. The in¯uence of pH, temperature,

presence of oxygen, initial iodine concentration and

stirring of the test solution on the reaction kinetics is

studied.

The reaction between I2 and Ag is found to be very

rapid. The rate of stirring has a pronounced e�ect on the

measured rate constants, indicating that mass transfer in

the liquid is the rate-controlling step. The uptake of Iÿ

by the Ag mesh surface is slow for test solutions at low

pH and even slower at high pH. This is in contrast to the

reaction between Iÿ and Ag powder which is charac-

terised by a rapid, initial drop of the Iÿ concentration

followed by a slower decrease comparable to the one

observed in the Ag mesh tests.

3. Model description

Under the experimental conditions described in the

previous section AgI is thought to form via a non-cat-

alysed heterogeneous reaction of Iÿ or I2 with Ag on the

surface of the metallic Ag sample (liquid±solid inter-

face). The overall chemical reactions are formulated as

Ag� Iÿ ! AgI� eÿ �1�
and

2Ag� I2 ! 2AgI: �2�
As the reaction proceeds, an increasing amount of solid

AgI is formed on top of the Ag sample acting as a

protective layer through which the reactants have to

di�use. We assume the layer to be non-porous as the

molar volume of the halide is bigger than that of the

metal consumed [5]. In the case of a Frenkel disordered

crystal as AgI [6] the disordered fraction of the cations

(Ag�) and electron holes are the di�using species. The

tarnishing reaction proceeds as long as the concentra-

tion gradient required for the di�usion of silver ions is

maintained. The Ag sample is consumed during the

course of the reaction.

It is of interest to investigate the interplay between

the chemical reaction rate and the physical transport

processes (transport of iodine to the surface of the solid

and di�usion of silver through the silver iodide product

layer) to be able to derive an expression for the overall

conversion rate. We use a resistance-in-series (RIS)

model where each of the contributing processes is

characterised by a corresponding resistance, de®ned as

the reciprocal of the velocity of the respective process

[7,8]. The largest resistance and hence the slowest pro-

cess controls the overall rate.

3.1. Mass transfer in the liquid and solid

The ¯ux of Iÿ or I2 at the reaction interface r � rs is

described by equations derived by means of a ®lm model

analysis [7,9]. In this model the mass transfer is pro-

portional to the concentration di�erence across a sta-

tionary ®lm adjacent to the phase boundary. We

consider all resistance to mass transfer to be concen-

trated in this ®lm while in the bulk ¯uid all composition

gradients are eliminated by turbulent mixing. The ¯ux

WA of Iÿ or I2 at the particle surface is given by

WA � ÿDI

d
�cAb ÿ cAs� � ÿkm�cAb ÿ cAs�; �3�

where DI is the di�usion coe�cient of Iÿ or I2 and d is

the thickness of the stationary liquid ®lm. Since the

outer boundary of the liquid ®lm is not known, d has to

be estimated. The bulk and surface concentrations of

iodine are given by cAb and cAs (Fig. 1). Estimates of the

mass-transfer coe�cient km will be discussed in Sec-

tion 3.4. The convection state of the test solution has a

signi®cant in¯uence on the thickness of the liquid layer.

Stirring results in a decrease of the layer thickness which

in turn leads to enhanced mass transfer according to

Fick's ®rst law.

The equations governing the ¯ux of Ag� towards the

reaction interface are derived in analogy to Eq. (3) and

hence

WB � ks�cBb ÿ cBs�: �4�
It can be easily shown that

ks;sph � Ds

rc

rs�rs ÿ rc� �5�

for spherical particles and

ks;cyl � Ds

1

rs ln�rs=rc� �6�

for a cylindrically shaped sample. The di�usion coe�-

cient of Ag� in AgI is denoted by Ds and the radius of

the shrinking particle at time t by rc, where rc�t�6 rs

(Fig. 1). The quantities cBb and cBs are the Ag� con-

centration at r � rc and the concentration at the solid±

liquid interface r � rs, respectively. The concentration of

Ag� is assumed to be equal to the Ag concentration.

This assumption is, however, only valid if the reaction

Ag! Ag��eÿ proceeds instantaneously at the boun-

dary that separates the Ag and AgI phases and if the rate

of the back reaction is negligible.
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3.2. The reaction between Ag and I2

The reaction between Ag powder or mesh and I2 will

be modelled by means of a 3-RIS model. The reaction

scheme consists of the following steps.

(i) Di�usion of the dissolved species A (I2) through

the liquid ®lm adjoining the solid sample to the reaction

interface

RA1 � kmap�cAb ÿ cAs�: �7�
(ii) Di�usion of species B (Ag�) through the layer of

reacted solid to the reaction interface

RA2 � ksap�cBb ÿ cBs�: �8�
(iii) Chemical reaction of the dissolved reactant A

with the solid species B

RA3 � krapcAscBs; �9�
where kr is the surface reaction rate constant. The

chemical reaction is assumed to be ®rst order in both I2

and Ag to account for the possible depletion of the re-

actants during the reaction and which allows the cou-

pling of Eqs. (7)±(9).

The quantities RAi, i� 1,2,3, are the rates of change

of A in mol/m3 s and ap denotes the total surface area of

solid per unit volume of liquid (solid±liquid interfacial

area), which is given by the (geometrical) surface area of

one particle multiplied by the number of particles per

unit volume of liquid, np, and by a factor f to account

for surface roughness e�ects. For smooth surfaces f is 2±

3 whereas for porous, spongy material it can reach 10±

1000 [10]. For spherical particles we have ap � 4pr2
s npf ;

for Ag mesh or wire (cylindrical geometry) we have

ap � 2rspLf =Vsol, where we only consider the lateral area

of the cylindrical sample. The length of the wire is de-

noted by L and Vsol is the volume of the test solution.

An estimate of the characteristic times of the mass

transfer processes and the surface reaction shows that

establishment of the steady-state concentration pro®les

is faster than the change of the overall iodine concen-

tration cAb. Hence it is justi®ed to assume steady state,

where the rates of the contributing processes are equal,

RA1 � RA2 � RA3 � RA. This enables us to eliminate the

unknown surface concentrations cAs and cBs [11] and

yields an expression for the rate of disappearance of A:

RA � ap

2kr

ks�krcBb � km� � kmkrcAb� �
�
ÿ ks�krcBb � km� � kmkrcAb� �2
n
ÿ4k2

r kmkscAbcBb

o1=2
�
: �10�

The rate RA is equal to the rate of disappearance of B,

which for spherical particles is given by

RB;sph � 1

mB

dcB

dt
� 1

mB

4p
3

npqB

MB

dr3
c;sph

dt
; �11�

where we have used the identity RB � 1=mB dcB=dt [10],

and qB and MB are the density and the molecular weight

of Ag, respectively. The stoichiometric coe�cient of B,

mB, is given by )2 (Eq. (2)), and Eq. (10) together with

Eq. (11) yields

drc;sph

dt
� a

rs

rc

� �2 bcrc

�rs ÿ rc� � d
� �0@

ÿ bcrc

�rs ÿ rc� � d
� �2

ÿ ebrc

�rs ÿ rc�

( )1=2
1A �12�

with

a � ÿMBf
krqB

; b � Ds

rs

; c � krcBb � km;

d � kmkrcAb; e � 4k2
r kmcAbcBb: �13�

Eq. (12) is integrated numerically by means of a fourth

order Runge±Kutta algorithm to obtain a relation be-

tween time and rc. The latter can be related to the

fractional conversion XB;sph�t� � 1ÿ �rc=rs�3, which is a

measure of how much product C (AgI) has been formed.

The mass of C is given by

mC;sph�t� � qC

4p
3

r3
s XBDVMn; �14�

where qC is the density of the product C and n the

number of particles. The di�erence of molar volumes

Fig. 1. Schematic representation of the I2, Iÿ/AgI/Ag-system

with a partially consumed Ag sample (layer thicknesses are not

drawn to scale).
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between AgI and Ag is given by DVM � MCqB=�qCMB�,
where MC is the molecular weight of AgI. Subsequent

division of mC by the volume of the solution Vsol and MC

yields the concentration of C

cC�t� � mC�t�
VsolMC

: �15�

The concentrations of A in the bulk liquid and of B in

the bulk solid are gradually depleted as the reaction

proceeds, thus cAb and cBb are not taken to be constant

but become functions of time. They are recalculated at

every time-step according to cAb�t� � cA0 ÿ 1=2cC�t� and

cBb�t� � cB0 ÿ cC�t� making use of the advancement of

reaction [10]. Introducing time-dependent bulk concen-

trations the model becomes quasi-steady state. The

quantities cA0 and cB0 are the I2 and Ag concentrations

at t� 0.

For tests with Ag mesh Eqs. (11), (12) and (14) have

to be modi®ed slightly to account for the di�erent ge-

ometry. With Eq. (6) and

RB;cyl � 1

mB

pLqB

MBVsol

dr2
c;cyl

dt
�16�

we ®nd

drc;cyl

dt
� a

rs

rc

bc
ln�rs=rc� � d

� �0@
ÿ bc

ln�rs=rc� � d
� �2

ÿ eb
ln�rs=rc�

( )1=2
1A: �17�

The fractional conversion is now given by XB;cyl�t�
� 1ÿ �rc=rs�2 and the mass of C is determined according

to mC;cyl�t� � qCpLr2
s XBDVM. Eq. (15) relates mC to the

AgI concentration cC.

3.3. The reaction between Ag and Iÿ

As discussed in Section 2 experimental results indi-

cate that the reaction of Iÿ with Ag involves two pro-

cesses: an initial, rapid and a long-term, slow reaction. A

literature survey [4,12] showed that a signi®cant con-

version of Iÿ and Ag to AgI in aqueous solutions can be

observed only under oxidising conditions (presence of

oxygen or products of water radiolysis). Supporting

evidence is provided by tests performed by AEAT [2]

which showed that the degree of oxidation of the Ag

surface plays an important role for reactions between Iÿ

and Ag. This suggests that the di�erences in the extent of

the initial, rapid reaction are due to variations in the

degree of oxidation of the Ag surfaces that had been

used in the experiments. Surface oxidation does, how-

ever, not seem to have any e�ect on the reaction between

I2 and Ag [13].

A layer of silver(I) oxide (Ag2O) with a thickness of

2±3 nm forms on top of metallic Ag in air already at

room temperature [14]. The reaction of Iÿ with this layer

of Ag2O according to

Ag2O� 2Iÿ � 2H� ! 2AgI�H2O �18�
would be expected to be rapid and could therefore ex-

plain the observed experimental results. Thermochemi-

cal calculations suggest that the back reaction is

negligible. Di�usion of Iÿ to the solid surface and sub-

sequent reaction with the silver oxide lead to the for-

mation of AgI on top of the remaining Ag2O, which

continues until the surface oxide initially present has

been consumed. We assume that this reaction leaves

only patches of AgI on the surface which do not inhibit

further di�usion of Iÿ to the reaction interface. The

initial, rapid step of the reaction of Iÿ with Ag is mod-

elled using a 2-RIS model which incorporates di�usion

of Iÿ to the reaction interface at r � rox:

RA1 � kma0p�cAb ÿ cAs� �19�
and subsequent reaction between Iÿ and Ag2O

RA2 � koxa0pcAscDb: �20�
The surface reaction rate constant kox characterises the

reaction between Iÿ and Ag2O, and cDb is the bulk

concentration of Ag2O. The quantity a0p is given by

a0p � 4pr2
oxnpf and a0p � 2roxpLf =Vsol for spherical and

cylindrical geometry, respectively, where rox is the radius

of the shrinking solid particle and rx P rox�t�P rs

(Fig. 2). Under the assumption of a steady state and

considering that RA � RD � �1=mD�dcD=dt the same

procedure as discussed in Section 3.2 leads to

drox

dt
� ÿMAg2O

qAg2O

cAbf
1

km

� 1

koxcDb

� �ÿ1

�21�

for both Ag particles and mesh, where mD � mAg2O � ÿ1

(Eq. (18)). The change of radius can again be related to

the fractional conversion of Ag2O into AgI and hence

the total amount of AgI produced. Due to the depletion

of the reactants during the reaction the concentrations

of Iÿ and Ag2O are given by cAb�t� � cA0 ÿ cC�t� and

cDb�t� � cD0 ÿ 1=2cC�t�, where cD0 is the initial concen-

tration of Ag2O. The reaction proceeds until all the sil-

ver oxide has been consumed.

The transition to the subsequent, slow increase of the

AgI concentration occurs when rox � rs and it is mod-

elled by means of the 3-RIS model described in Sec-

tion 3.2. However, instead of Eq. (9) we now use

RA3 � k0rap

cAscBs

cA0cB0

�22�

for the chemical reaction at the reaction interface which

reproduces the experimentally observed behaviour of the

rate for short and long times. The quantity cA0 is now

the Iÿ concentration at the beginning of the second, slow

116 E. Krausmann, Y. Drossinos / Journal of Nuclear Materials 264 (1999) 113±121



reaction. As already shown before we eliminate the un-

known surface concentrations cAs and cBs by assuming

steady state. Using RA � RB we obtain again Eqs. (12)

and (17) but with the new parameters

a � ÿ fMBkm

2qB

; b � Ds

rs

; c � cBb

km

� cA0cB0

k0r
;

d � cAb; e � 4cAbcBb

km

; �23�

where we have used mB � ÿ1 (Eq. (1)).

Due to di�erences in age and handling of the silver

samples the Ag mesh appears to be free from a surface

silver oxide layer: the experimental data do not show the

initial, rapid step observed for the Ag powder samples

but only the slow, long-term step throughout the dura-

tion of the experiments. Hence, the reaction between Ag

mesh and Iÿ is modelled by means of the 3-RIS model

given by Eqs. (17) and (23).

3.4. Determination of model parameters

The application of the discussed models requires

knowledge of the total Ag surface area available for

reaction Atot which strongly depends on the particle size

distribution, shape and surface roughness e�ects [10].

BET measurements performed by Siemens for di�erent

types of Ag powder show a signi®cant increase of Atot

with respect to the geometrical surface area Ageo, high-

lighting the importance of knowing the e�ective surface

area available for reaction [15]. These measurements

have, however, been performed prior to the tests and

probably overestimate the e�ective surface area which

decreases during the course of the reaction due to ag-

glomeration and settling of the particles. The Ag powder

shows a wide range of particle sizes and shapes as

demonstrated by scanning electron microscopy exam-

inations performed by AEAT [2]. Due to a lack of data

on the particle size distribution and shape we make the

simplifying assumption that the powder sample consists

of spherical and uniformly shaped particles. The mean

particle radius is taken to be 2� 10ÿ6 m for both AEAT

and Siemens tests. However, the combined e�ects of

agglomeration, settling and surface roughness render the

determination of Atot di�cult. Therefore we use Ageo

(f� 1) for the AEAT powder tests. For the Siemens tests

the BET surface area at the beginning of the experiments

is known. The mesh sample has a better-de®ned surface

area and hence it is justi®able to assume f� 1. The mesh

radius is 2:5� 10ÿ5 m [16].

The thickness of the liquid boundary layer, which is

needed to determine the mass-transfer coe�cient, is

given by d � 10ÿ5 m for well stirred solutions and by

d � 5� 10ÿ5 to 10ÿ4 m for less well stirred solutions [10].

The Iÿ±Ag experiments were performed with stirring of

the test solution although the mesh was less well dis-

persed in the solution than the powder [16]. Therefore

we use d � 5� 10ÿ5 m for modelling the Iÿ±Ag mesh

tests. The di�usivity of Iÿ in aqueous solutions is given

by DIÿ � 2:04� 10ÿ9 m2/s at T� 25°C and

DIÿ � 4:5� 10ÿ9 m2/s at T� 90°C [17]. With Eq. (3) we

®nd km ' 4� 10ÿ5 m/s and km ' 9� 10ÿ5 m/s at

T� 25°C and T� 90°C, respectively. The mass-transfer

coe�cient for the well stirred powder tests is given by

km ' 2� 10ÿ4 m/s at T� 25°C. The di�usion coe�cient

of I2 in aqueous solutions is smaller than DIÿ which is

consistent with the size and molecular weight of the

species involved. It is given by DI2
� 1:36� 10ÿ9 m2/s at

T� 25°C [18]. Estimating the mass-transfer coe�cient as

discussed above we obtain km ' 10ÿ4 m/s for stirred I2±

Ag tests and km ' 10ÿ5 m/s for static experiments. This

is in agreement with the measured pseudo-®rst order

rate constants [2] indicating that the rate is determined

by km. The exact values of km are obtained numerically

by ®tting the model to the experimental data. The ar-

ithmetic mean of the mass-transfer coe�cient for a series

of experimental sets at 25°C has been determined to

km � �2:2� 0:6� � 10ÿ5 m/s for static tests and

km � �1:6� 0:2� � 10ÿ4 m/s for tests with rapid stirring

of the test solution. The uncertainty is one standard

deviation. Due to the scarcity of experimental data the

I2±Ag reaction at T� 90°C could not be analysed

quantitatively.

The di�usion coe�cient of Ag� in AgI is given by

Ds � D0 exp�ÿE=RT � �24�
with the parameters D0 � 3� 10ÿ5 m2/s, E� 59433 J/

mol for b-AgI (hexagonal) and D0 � 5� 10ÿ8 m2/s,

E� 35576 J/mol for c-AgI (fcc) [19]. The quantity R is

the ideal gas constant and T is the temperature in K.

Under standard conditions both modi®cations of AgI

are stable and coexist [20]. As a conservative estimate we

use the smaller di�usivity of Ag� in b-AgI for our cal-

Fig. 2. Schematic representation of the oxidised Ag sample

(layer thicknesses are not drawn to scale).
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culations. We ®nd Ds � 1:2� 10ÿ15 m2/s at T� 25°C

and Ds � 8:5� 10ÿ14 m2/s at T� 90°C.

A sensitivity analysis of the model predictions for Iÿ±

Ag mesh reactions and for the slow step of the powder

tests shows that the model is sensitive to even minor

changes of the reaction rate constant k0r. This suggests

that the reaction is not limited by mass transfer in the

liquid but by the chemical reaction at the reaction in-

terface. With the given set of parameters k0r is the only

free parameter and is determined by ®tting the model to

the experimental data. At 25°C we obtain

k
0
r � �8:2� 3:6� � 10ÿ9 mol/m2 s based on AEAT pow-

der/mesh tests as well as on Siemens powder experi-

ments, where no clear pH dependence of the rate can

be observed. At 90°C and at pH� 4.6, k
0
r � �3:4� 1�

�10ÿ8 mol/m2 s is obtained decreasing to

k
0
r � �7:3� 1:5� � 10ÿ9 mol/m2 s at pH� 7. The rate of

the I2±Ag experiments is controlled by mass transfer in

the liquid. A lower boundary value for kr is determined

in analogy to the Iÿ±Ag experiments by a sensitivity

analysis. We ®nd kr
>
�2� 10ÿ4 m4/mol s. A summary of

estimated and ®tted model parameters is given in Ta-

ble 1.

The initial, rapid step of the reaction of Iÿ with Ag

powder is characterised by the surface reaction rate

constant kox. The value of kox that reproduces the initial,

steep rise of the rate is determined by numerical exper-

iments, yielding kox � �2:2� 1:7� � 10ÿ3 m4/mol s.

Information on the initial silver oxide concentration

cD0 is not available from the experiments. However, this

quantity limits the maximum amount of AgI that can be

produced by reaction of Iÿ with the Ag2O layer

(Eq. (18)). Hence it determines when the transition from

the initial, rapid to the subsequent, slow reaction takes

place, which provides a means to estimate cD0. This

procedure yields a degree of surface oxidation that

ranges from 0.1 to 0.2% of the Ag mass for the AEAT

experiments to 0.7% for the Siemens tests. The initial

concentration of Ag2O depends solely on how the Ag

sample was handled prior to the test.

4. Discussion and conclusions

The reaction of Iÿ or I2 with either particulate Ag or

mesh in the LWR containment sump has a major impact

on iodine volatility from solution. These reactions have

been modelled under quasi-steady-state conditions by

means of resistance-in-series models which incorporate

transport phenomena and a chemical reaction. The

model was validated successfully against separate-e�ects

tests over a variety of conditions. The application of the

model requires knowledge of the total surface area

available for reaction. It is a function of the combined

e�ects of agglomeration, settling and surface roughness

for particulate Ag and therefore di�cult to estimate. An

area of remaining uncertainty is the extent of oxidation

of the Ag surface which plays a decisive role for reac-

tions between Iÿ and Ag.

Both stirred and static experiments for I2±Ag reac-

tions seem to be limited by di�usion in the bulk liquid.

This is probably due to the smaller di�usion coe�cient

of I2 in aqueous solutions compared to Iÿ and the fast

chemical reaction at the surface (Fig. 3). The experi-

mental ®nding that the overall rate of formation of

silver iodide is independent of the number of accu-

mulated monolayers of AgI can be explained by the

fact that di�usion in the AgI layer appears not to be

rate controlling. Hence, for the duration of the exper-

iment the overall reaction rate does not follow a par-

abolic law as is usually the case for tarnishing

reactions. The model overpredicts the rate in the case

of the Siemens tests (Fig. 4). This is thought to be due

to agglomeration or settling of the particles during the

test which will decrease the e�ective surface area and

hence the rate. This e�ect is not taken into account in

our model.

The degree of oxidation of the Ag surface seems to

play a decisive role for reactions between Iÿ and Ag. The

initial concentration of Ag2O determined for each ex-

perimental set corresponds to the expected thickness of a

silver oxide layer that forms on top of metallic Ag in air

Table 1

Estimated and ®tted model parameters

Mass-transfer coe�cient Reaction rate constant

I2 + Ag: km in 10ÿ5 m/s a

Static (25°C) 2:2� 0:6 kr
>
�2� 10ÿ4 m4/mol s a

Rapid stirring (25°C) 16� 2 As above

Iÿ + Ag: km in 10ÿ4 m/s b k
0
r in 10ÿ9 mol/m2 s a

Powder (25°C) 2 8:2� 3:6

Mesh (25°C) 0.4 As above

Mesh (90°C, pH� 4.6) 0.9 34� 10

Mesh (90°C, pH� 7) As above 7:3� 1:5

a Fitted model parameters.
b Estimated model parameters.
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at room temperature [14]. The initial, rapid step is lim-

ited by the depletion of the oxide layer; mass transfer in

the liquid, however, contributes to the reaction rate. The

slow reaction between Iÿ and Ag mesh as well as the

second, slow step of the Ag powder experiments are

limited by the chemical reaction at the liquid±solid

boundary. Model predictions are in¯uenced by k0r alone

whereas changes of Ds and km have practically no e�ect

on the rate. The gradual transition from the rapid to the

slow stage of the Siemens tests is not predicted by our

model (Fig. 5). This is thought to be due to e�ects such

as agglomeration, formation of AgI colloids and chan-

ges in mass transfer conditions which are speci®c to the

conditions under which the tests were performed [21]

and which we have neglected in our studies. The Iÿ±Ag

mesh rate does not show the initial, rapid step as ob-

served for the Iÿ±Ag powder reaction (Fig. 6). This

suggests that the mesh surface was not as extensively

Fig. 4. Comparison of model predictions for the I2±Ag powder reaction with experimental data (cA0 � 4� 10ÿ5 mol/l, mAg � 1 g,

Vsol � 1 l).

Fig. 3. RIS model predictions (solid line) for the reaction of I2 with Ag mesh compared to experimental data (solid squares). The

calculations were performed with the mean values of the rate constants (cA0 � 5� 10ÿ5 mol/l, mAg � 126 mg, Vsol � 50 cm3).
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oxidised as the Ag powder which can be explained by

di�erent preparation routes, ages and storage conditions

of the Ag samples [2]. At high pH (>7) and in the ab-

sence of oxidising conditions the Iÿ±Ag reaction is so

slow as to probably be negligible.

Simulations of tests performed in the presence of

radiation have been carried out with the mechanistic

iodine chemistry code INSPECT [22]. Inclusion of a

simpli®ed version of the resistance-in-series models dis-

cussed herein was found to greatly improve agreement

between test results and model predictions [21]. This

encourages incorporation of the proposed model into

severe accident iodine codes.

The proposed resistance-in-series model can be

easily extended to reactions in the gas phase. Work is

underway to determine the amount of AgI that could

Fig. 5. RIS model simulations of Iÿ±Ag powder tests compared to experimental results (Test 62: cA0 � 10ÿ4 mol/l, mAg � 1:41 g/l,

Vsol � 0:1 l; Test 13: cA0 � 8� 10ÿ5 mol/l, mAg � 1 g, Vsol � 1 l).

Fig. 6. Model predictions of the reaction between Iÿ and Ag mesh for di�erent pH and temperature (cA0 � 10ÿ4 mol/l, mAg � 10 g/l,

Vsol � 0:1 l).
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be formed by the possible reaction between Ag aero-

sols and gaseous iodine in the containment atmo-

sphere.
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