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MODELLING IODINE BEHAVIOUR USING LIRIC 3.0

J.C. Wren1, G.A. Glowa, and J.M. Ball

Abstract

The overall objective of the iodine chemistry research program at the Whitesheil Laboratories of
AECL is to develop and validate the LIRIC (Library of Iodine Reactions In Containment) model.
The model, once validated, is intended as either a stand-alone analytical tool or for incorporation
into a code for licensing analyses of fission-product behaviour in containment. LIRIC is currently
being used to assess the role and importance of individual phenomena on iodine volatility under
reactor accident conditions and, thus, help to establish priorities within the iodine research
program.

The LIRIC model has undergone significant alterations since it was last reported (LIRIC 2.0),
mainly as a result of considerable development in understanding of iodine behaviour over the last
few years. The new version, LIRIC 3.0, has been used to simulate various results from the
Radioiodine Test Facility (RTF) with reasonable success, although under somewhat limited
conditions. The reproducibility of the tests using LIRIC 3.0 suggests that many of its reaction
modules are modelled reasonably well. These are (a) iodine reactions in the aqueous phase,
(including the effects of pH, radiation and dissolved oxygen), (b) water-radiolysis reactions, and
(c) gas- and aqueous-phase mass transfer. There remain difficulties in reproducing some results in
detail, because of uncertainties in choosing appropriate values for many model parameters such as
(a) the rate and capacity of surface deposition of I2, (b) the effects of trace metals on reaction rates,
and (c) the effects of organic surfaces on the system chemistry. The surface-adsorption model in
LIRIC 3.0, which requires two constants, reproduces the results of RTF tests very well. However,
it is not certain what the appropriate values for these constants will be under real containment
conditions. The effects of trace metals in the RTF tests has been modelled, using Cu+/Cu2+

reactions with an effective metal-ion concentration. However, again, choosing an appropriate
value for the effective metal-ion concentration in a real situation is uncertain. The least developed
area in modelling iodine chemistry is the effect of organic surfaces on the time-dependent
behaviour of water pH, dissolved oxygen concentration and organic iodide chemistry.

1)AECL, Whiteshell Laboratories, Pinawa, Manitoba, CANADA, ROE 1L0



508

1. INTRODUCTION

Under most reactor accident conditions iodine is expected to be released from fuel as Csl, which,
upon contact with water in containment, will dissolve to form the aqueous non-volatile iodide ion,
I~(aq). However, some of this iodide can subsequently be converted to volatile molecular iodine
(I2) and a variety of volatile organic iodides. From the perspective of reactor safety, it is important
that the rate and extent of iodine volatilization be understood and predicted. As a result, AECL
has a comprehensive program on containment iodine chemistry that includes intermediate-scale
("all-effects") experiments using the Radioiodine Test Facility (RTF) and bench-scale ("separate
effects") experiments on solution chemistry, surface reactions and mitigation options. The main
goal of the program is to develop the chemical kinetics model, Library of Iodine Reactions in
Containment (LIRIC), which predicts the time-dependent behaviour of iodine in containment
under a variety of reactor accident conditions.

An integrated program of containment iodine chemistry has been in place at the Whiteshell
Laboratories of AECL since 1985 under the auspices of the CANDU Owners Group (COG) with
the objectives (a) to develop an understanding of fission-product behaviour for safety and
licensing purposes and to provide the basis for assessing the conservatism in licensing
assumptions, (b) to identify unforeseen phenomena and to assess their impact on iodine release,
(c) to develop information on which accident management strategies could be based, and (d) to
develop and validate a model for predicting iodine behaviour under accident conditions.

The following summarizes the earlier key findings from the integrated iodine chemistry program
[1-11]:

(a) Iodine volatility increases considerably in the presence of radiation, mainly because of
oxidation of non-volatile I' to volatile h by »OH radicals formed by the radiolysis of water.

(b) Iodine volatility is a very sensitive function of pH, increasing with decreasing pH. The pH
dependence mainly arises from the reduction reaction of I2 by the water-radiolysis product,
hydrogen peroxide (H2O2), a reaction with a strong inverse acid dependence.

(c) Because of the importance of radiolysis reactions, detailed understanding of chemical
kinetics, not chemical thermodynamics, is required to predict iodine volatility following an
accident.

(d) Organic impurities in the aqueous phase significantly affect iodine volatility, easily
undergoing radiolytic decomposition to form organic acids that reduce the solution pH.
Organic compounds also react thermally and radiolytically with molecular iodine, forming
organic iodides with different volatilities.

(e) Trace metal impurities may have a significant impact on iodine behaviour due to their
catalytic reactions with key iodine reductants such as H2O2 and superoxide, O2".

(f) Gas-phase iodine concentration and speciation is mainly determined by mass transfer of
volatile iodine species from the aqueous phase and by their adsorption on surfaces in contact
with the gas phase. Homogeneous gas-phase reactions have little impact on iodine
behaviour under accident conditions.

(g) Containment surfaces play an important role as sources of organic and metal impurities in
the aqueous phase and as adsorption sites for iodine.
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Our current understanding of iodine behaviour is summarized in Figure 1.
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Figure 1 - Key Processes Affecting Iodine Volatility in Containment Under Accident Conditions.

These findings have been reflected in the LIRIC model, which has undergone significant
alterations since it was last reported (LIRIC 2.0) [8]. The chemical reactions in the updated
version, LIRIC 3.0, have been, and will continue to be, critically evaluated for mutual consistency;
those in the earlier version were mainly a collection of data from the literature. Many empirical
reactions did not have a technical or scientific basis, but were required to explain RTF test results;
these have been replaced with mechanistic or semi-mechanistic reaction schemes based on recent
experimental studies.

Some of the specific changes to LIRIC are in the areas of organic compound radiolysis, thermal
and radiolytic organic iodide formation, trace metal-ion reactions, and dynamic surface adsorption
and desorption. Some of the reaction schemes involved in these changes are still being evaluated,
while others have been updated with improved mechanisms and more accurate rate constants.
Notably, the mechanism and rate constants for the reaction of I2 with H2O2, determined from our
bench-scale studies, and the rate constants of many iodine radiolysis reactions, determined from
pulse-radiolysis studies, have been improved.

In summary, LIRIC 3.0 models what are presently considered to be the important phenomena
governing iodine volatility in containment following an accident, whereas LIRIC 2.0 was a mere
database of reactions in the aqueous phase coupled to aqueous-to-gas-phase mass transfer. This
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paper describes the improved LIRIC 3.0 model and presents the results of some simulations of
RTF tests.

2. LIRIC 3.0

The building blocks of the LIRIC 3.0 model are represented by the boxes in Figure 1. Currently,
LIRIC 3.0 contains about 200 chemical and physical processes, consisting of

(a) aqueous iodine reactions,
(b) water-radiolysis reactions,
(c) reactions of iodine with water-radiolysis products in the aqueous phase,
(d) radiolytic decomposition reactions of organic compounds in the aqueous phase,
(e) organic iodide formation and decomposition in the aqueous phase,
(f) reactions of inorganic impurities such as buffers and metal ions,
(g) mass transfer of O2, H2, CO2,12, CH3I and CHI3, between the aqueous and gas phases, and
(h) surface adsorption and desorption of iodine species.

Some of these reaction sets are discussed in more detail below.

2.1. Key Iodine Reactions

There are two iodine reactions particularly important in determining iodine volatility in
containment under accident conditions:

(a) the oxidation of I" by the primary water-radiolysis product, »OH;

r + •OH -» HOP -> «I + OH" (1)
•I -> -» I2 (2)

that converts non-volatile iodide (I") to volatile molecular iodine (I2); and

(b) the reduction of volatile molecular iodine, I2, to non-volatile F by a range of water-radiolysis
products;

I2 + H2O2 -» -» 2 T + 2H+ + O2 (3)
I2 + O2" -> I2" + O2 (4)

h~ + t" -» I3" + r (5)

(Double arrows represent several reaction steps in LIRIC.)

Molecular iodine is also subject to hydrolysis:

I2 + H2O <-» HOI + r + H+ (6)
HOI <-> H+ + OI" (7)
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and further oxidation to form iodate ion:

3HOI -»-» IO3" + 21" + 3H+ (8)

Reaction (1) is mainly responsible for the significant increases in iodine volatility observed in the
presence of radiation. Thermal oxidation of iodide, even when catalytic and photolytic oxidation
reactions are considered, is very slow and would lead to little iodine volatility in an accident.
Because Reaction (1) is the key step in the formation of volatile iodine species, accurate rate
constants for the individual reaction steps are needed. Also, an accurate reaction mechanism and
rate constants for prediction of the time-dependent »OH concentration from radiolysis of
containment water are required. The rate constants of the two steps in Reaction (1) are relatively
well established: LIRIC 3.0 uses values of 0.9 x 1010 dm3«mol"V [12] and 1.2 x 108 s"1 [13] for
the first and second steps of Reaction (1), respectively.

Reactions (3), (4) and (6) explain the effect of pH on iodine volatility observed in RTF tests.
These reactions exhibit a strong inverse acid dependence, resulting in the buildup of molecular
iodine at lower pHs. A detailed understanding of the mechanism for these reactions is important
if iodine volatility under accident conditions is to be accurately predicted. As a result, Reaction
(3) was investigated and an improved mechanism formulated and incorporated into LIRIC 3.0 [4];

+ H+

+ O2 +

Reaction (4) also explains the effect of dissolved oxygen on iodine volatility. Dissolved oxygen
reacts with hydrated reactions, produced by water-radiolysis, to form O{, a strong reductant that
converts volatile I2 to non-volatile T and I3". Under radiation conditions various impurities in the
aqueous phase can affect the dissolved oxygen concentration. Notably, organic impurities
undergoing radiolytic decomposition generate organic radicals that rapidly react with the
dissolved oxygen.

Because of the sensitivity of iodine volatility to Reactions (1) to (11), the concentrations of the
reactants and the changes in relevant parameters, such as pH and dissolved oxygen concentration,
must be followed with time. Thus most of the chemical reactions included in LIRIC are those
affecting the concentrations of OH, H2O2/HO2\ O27HO2 and the pH of the water, that is, water-
radiolysis reactions, and the reactions of metal ion and organic compounds with water-radiolysis
products.

2.2 Reactions Involving Organic Compounds

Organic impurities will arise in water, released into containment from various paints (on structural
surfaces) or other organic materials (e.g., oils, greases). These could have a significant impact on
iodine volatility following an accident. Organic compounds in the aqueous phase can readily
decompose to form acids under radiation conditions, thus reducing the pH of the water and

I2
I2OH'
IO2H

+ H2O
+ H2O2

+ OH"

<->

—»

I2OH
IO2H

r
H2O
H2O

(9)
(10)
(11)
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consequently increasing I2(aq) formation. (We are mostly concerned with cases where the water
in containment will initially have a pH close to that maintained in CANDU coolant (ca. 10).) In
the aqueous phase, organic compounds also react thermally and radiolytically with I2 to form
organic iodides. The effect of painted surfaces on iodine behaviour is discussed in detail in
another paper in this conference [2].

A semi-mechanistic model for the radiolysis of organic compounds, using methyl-ethyl-ketone
(MEK) as a representative species, has been added to LIRIC 3.0. A simplified reaction
mechanism is shown below.

MEK •
•R

f «OH
f 0 2

—>
—>

•R
•R02

•R, alcohols, aldehydes, acids and CO2

(12)
(13)
(14)

This model has been previously reported [5]. Since then, an improved mechanistic model for the
radiolysis of MEK has been developed, based on bench-scale studies. This model is currently
being used as a basis for developing a generalized model for other organics expected in
containment following an accident and has not yet been incorporated into LIRIC 3.0.

A semi-mechanistic model for the reaction of phenol with iodine, reported previously [10], has
been incorporated in LIRIC to account for highly soluble organic iodide formation in the aqueous
phase. Work is continuing to develop a more accurate mechanistic model and to incorporate the
radiolytic conversion of xylene and toluene to phenol derivatives. Similarly, a semi-mechanistic
model for the reaction of iodine with ketones to form iodoform (CHI3) has been incorporated into
LIRIC;

CH3CH2COCH3 + HOI -» CH3CH2COCH2I (15)
CH3CH2COCH2I + HOI -> CH3CH2COCHI2 (16)
CH3CH2COCHI2 + HOI -» CH3CH2COCI3 (17)

CH3CH2COCI3 -> CH3CH2CO2H + CHI3 (18)

A reaction model is also currently being developed for the radiolytic formation of organic iodides
from I2 and methyl-isobutyl-ketone (MIBK), the major constituent of most paint solvents and
thinners;

•R + I2 -> RI + «I (19)
•R' + l2 -» RT + *I (20)

where »R and «R represent organic radicals formed by Reactions (12) to (14) and RI and RT
represent organic iodides. These organic iodides can be very soluble, such as iodides of ketones,
alcohols and aldehydes, as well as more volatile alkyl iodides, such as CH3I and other simple alkyl
iodides.

A new development in the area of modelling the effects of organic impurities on iodine behaviour
stems from bench-scale studies which show that the release of organic compounds from surface
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paints into the aqueous phase is a much slower process than their subsequent radiolysis [2].
Therefore, the organic-compound release rates from paints, in addition to their rates of acid
production because of radiolysis, are required to model the time-dependent pH and dissolved
oxygen concentration (which determines the I2 concentration in the aqueous phase). The organic-
compound release rates and the rates of the reactions of these compounds with I2 are also required
to model the time-dependent organic iodide formation. A model for the leaching of organic
compounds from paints into water is currently being developed [2]. Consequently, LIRIC 3.0 is
not yet capable of modelling the time-dependent pH and dissolved oxygen concentration of water.
Improvements in modelling organic iodide formation are also needed.

2.3 The Role of Metal Impurities

We have observed significant quantities of iron, as high as 10"5 mol*dm'3, in the aqueous phase in
RTF tests performed in unpainted stainless steel vessels. Thus it is reasonable to expect that
metals, such as Cu, Ni, Mn and Fe from various structural materials, would be present in trace
quantities in containment water following an accident. Because of their catalytic reactions with
H2O2 and O2\ the key I2 reductants (Reactions (3) and (4)), trace metal impurities could have a
significant impact on iodine volatility, even at concentrations as low as 10" -10" mol-dm" .

In LIRIC 3.0, a semi-mechanistic model for the reactions of metal ion impurities has been added:

M+ 4

M + 4

M 4

M+ 4

M+ 4

M 2 + 4

M 2 + 4

M2 + 4

0 2

HO2

H0 2

H2O2

•OH

o2-
e"
•H

—>
—>
—»
—>
—>

M2+

M2+

M+

M2+

M 2 + •

M + •

M+

M+

+ H2O2 +
4- H2O2 +
4- O2 +
4- .OH +
+ OH"
4- O2

4- H+

2OH'
OH"
H+

OH"

(21)
(22)
(23)
(24)
(25)
(26)
(27)
(28)

where M+ and M2+ represent a redox pair of metal ion impurities.

The rate constants for Reactions (21) to (28) used in LIRIC 3.0 are those observed for Cu+/Cu2+

solutions [14,15]. Similar reactions, with somewhat smaller rate constants, are expected for
Fe2+/Fe3+ [14]. The overall effect of all metal impurities (with different reactivities) is modelled
in LIRIC using Cu as a representative metal impurity with an effective metal-ion concentration.
Without inclusion of metal-ion reactions, the LIRIC model predicts much lower gas-phase iodine
concentrations, particularly at high pHs.

2.4 Mass Transfer

Mass transfer of the volatile iodine species, I2, CH3I and CHI3, between the aqueous and gas
phases is modelled in LIRIC 3.0. Mass transfer of other volatile species, such as oxygen,
hydrogen and CO2, which impact on the iodine chemistry in the aqueous phase, is also modelled
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in LIRIC 3.0. In general, two parameters, the partition coefficient and the mass-transfer rate
coefficient, determine the rate of mass transfer. (The partition coefficient is defined as the ratio of
the aqueous-phase and the gas-phase concentrations at equilibrium). However, if the water is well
mixed (by flow turbulence), so that mass transfer is relatively fast compared with chemical
reactions in the aqueous phase, then the concentrations of iodine species in the gas phase are
essentially determined by their partition coefficients. The mass-transfer rate coefficients appeared
to play a role in determining iodine volatility only in RTF tests where pH was deliberately and
rapidly changed (see Section 3). It is possible that the mass-transfer rate may be more important
in real accident situations, because of potentially different flow conditions and surface area to
volume ratios. However, because most volatile iodine species will be formed mainly in the
aqueous phase, the assumption of fast mass transfer will yield conservatively high iodine
concentrations in the gas phase.

In LIRIC 3.0, the reactions describing the aqueous/gas phase mass-transfer processes remain the
same as those in LIRIC 2.0, except that the mass transfer of HOI has been eliminated. Studies
have shown that HOI is essentially non-volatile and that its concentration in the gas phase will
always be negligible [17,18], contrary to an early report by Lin [16]. Mass transfer of volatile
organic compounds and soluble high-molecular-weight organic iodides is recognized as
important, but has not yet been incorporated in LIRIC 3.0 because of a lack of partition coefficient
data for these species.

The mass transfer between the gas and aqueous phases is modelled as follows:

where Caq and Cg are the aqueous- and gas-phase concentrations of a given species, kt is the
overall mass-transfer coefficient (i.e., l/kt = l/kaq + l/kg), Aaq is the gas/aqueous phase interfacial
area, Vaq is the aqueous-phase volume, Vg is the gas-phase volume, and H is the partition
coefficient.

2.5 Gas-Phase Surface Adsorption

Adsorption and desorption of I2 on surfaces in contact with the gas phase could have a major
impact on iodine behaviour in containment. In LIRIC 3.0, gas-phase adsorption and desorption
are formulated using a reversible physical adsorption-desorption model with saturation effects
included;
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'2h

where [i.2]s and [L:]s are the molecular iodine concentrations in the gas phase (mol«dm~3) and on
the surface (mol«dm2), respectively, kAa is the adsorption rate coefficient (drn^s'1), koes is the
desorption rate constant (s"1), Ags and Vg are the gas-phase surface area (dm2) and volume (dm3),
respectively, and [I2]s° is the saturation capacity of the surface for I2 (mol«dm'2).

LIRIC 3.0 also provides the option of using two alternative models, one based on chemisorption
and the other on reversible physical adsorption followed by slower chemisorption. Models
incorporating chemisorption may provide better descriptions of I2 adsorption behaviour on
surfaces coated with organic paints.

3. SIMULATIONS OF RTF TESTS

3.1 Description of the RTF Tests

LIRIC 3.0 has been used to simulate five RTF tests in which the behaviour of iodine under
accident conditions was studied. Because the RTF has been described in detail elsewhere [3,9],
only a brief description of the facility and a typical test procedure are presented here. The RTF
consists of a replaceable, cylindrical main vessel in which a 60Co radiation source can be placed.
The radiation source can provide an absorbed radiation dose rate in the aqueous phase, ranging
from 1.2 to 2.0 kGy»h-1. The main vessel can be partially filled with water and chemical
additives, to simulate the sump water expected in containment following an accident. Typically,
the aqueous and gas volumes are 25 and 315 dm3, respectively, and the surface areas in contact
with the aqueous and gas phases are 52 and 220 dm2, respectively. Electric heaters around the
outside of the vessel control the gas-phase temperature up to 110°C and the water temperature up
to 90°C. A test generally starts with an injection of Csl, labelled with I31I, into the aqueous phase
to produce an initial aqueous iodide concentration of about 1 x 10'5 mol«dm"3. This is followed
by on-line detection of the iodine concentrations in the gas and aqueous phases as a function of
time. Gas and aqueous-phase speciation samples are also taken periodically. Finally, the iodine
surface loadings are determined by washing the surfaces at the end of each test, measuring the 131I
activity in the washes, and measuring the remaining activity on the surfaces. The final iodine
activities on the coupons placed both in the gas and aqueous phases during the tests are also used
to determine and confirm the iodine surface loadings. Analytical procedures in support of RTF
experiments are discussed in detail elsewhere [3,9].

Discussed here are two tests that were conducted in the same stainless steel vessel under
controlled pH conditions, two tests conducted in zinc-primed vinyl-painted carbon-steel-lined
vessels and a test that was performed in a zinc-primed epoxy-painted carbon-steel-lined vessel.
All five tests had a radiation source present and were performed at room temperature.
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The main objective of the tests in a stainless steel vessel was to investigate the effect of pH on
iodine volatility in the presence of radiation, without interference from the effects of other
parameters, such as the presence of organic compounds. The pH of the water started at 10 and
was lowered in a step-wise manner during these tests. The two tests were performed sequentially
in the same vessel, but the vessel was thoroughly washed and air dried between tests. The
difference between the two tests was the pH profile during the tests. These tests will be referred
to as Test 0.2.1 (Phase 0 - Test 2 - Stage 1) and Test 0.2.2 (Phase 0 - Test 2 - Stage 2).

In the two tests with vinyl-painted vessels, the pH, initially at 10, was uncontrolled for the first
350 h or 100 h and then raised in a step-wise manner. These tests will be referred to as Test 2.1
(Phase 2 - Test 1) and Test 2.4 (Phase 2 - Test 4). The difference between the two tests was the
duration of the paint-curing period (aging) prior to the tests: for Test 2.1, the coating was cured in
dry air for 3 months, compared with 1 year for Test 2.4. In Test 2.1, the pH fell from 10 to 6.9
within the first 10 h and the dissolved oxygen concentration dropped from 8 to 4 ppm (ng^g'1).
During that time period, the total gas-phase iodine concentration reached a maximum of 3 x 10"9

mol«dm"3. About 100 h into the test, only 10% of the iodine originally injected into the aqueous
phase remained in solution. In Test 2.4, the pH of the water fell from 10 to 4.6 during the first 40
h, and the dissolved oxygen concentration dropped to 2.9 ppm. In both tests, despite evidence that
organic compounds were abundant in the aqueous phase, I2 was still the predominant form of
iodine in the gas phase, until the later stages of the tests when most of the gaseous I2 had been
adsorbed on surfaces. It was also observed that about 70% of the iodine initially added was
adsorbed on the vinyl-painted surface in contact with the gas phase at the end of these tests.
When pH was raised at a later stage of the tests, the sum of the aqueous- and gas-phase iodine
concentrations increased as a result of the desorption of iodine from the gas-phase surface (see
discussion in Section 3.3).

Direct vents to atmosphere were performed in Test 2.4 and Test 4.2, which removed the airborne
iodine species, reducing the gas-phase iodine concentration to a very low level during venting.
The direct vents performed in all RTF tests appeared to bring the pH of the water to near 7
regardless of its value prior to venting; this is presumably attributable to the addition of CO2-
containing air. Air circulation through an inline charcoal filter had the effect of decreasing the
gas-phase iodine concentration as well, but did not affect the pH significantly, since the gas
mixture is not altered by the addition of new air. However, venting has a negligible overall
impact on the iodine behaviour; once venting stops, both the gas- and aqueous-phase iodine
concentrations return to their pre-venting values. Thus venting was ignored in most LIRIC
simulations presented here.

The effect of organic compounds on iodine volatility was examined by additions of methyl-ethyl-
ketone (MEK) into the aqueous phase. The MEK additions resulted in significant decreases in pH
and dissolved oxygen concentration. Hydrazine, strongly reducing in nature, and as such, having
a potential to decrease iodine volatility by reducing I2 to F, was added during the tests to
determine if it could be used for mitigating iodine volatility in an accident. However, in the
presence of radiation, the addition of hydrazine was observed to increase iodine volatility because
of its reaction with dissolved oxygen, thus depleting O2", another strong reductant for I2.
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Hydrazine was decomposed rapidly by radiation; therefore the increase in iodine volatility
associated with its addition was transitory. The additions of MEK and hydrazine were not
modelled, although the pH changes caused by these additions were.

Test 4.2 (Phase 4 -Test 2) with an epoxy-painted vessel was very similar to Tests 2.1 and 2.4.

The RTF test results and LIRIC simulations are shown in Figures 2 to 16 and discussed below.

3.2 Simulation of Tests in a Stainless Steel Vessel

The LIRIC 3.0 simulation results for Test 0.2.1 and Test 0.2.2 are shown in Figures 2 to 7. The
calculated total iodine concentrations in the gas and aqueous phases as a function of time are
compared with the RTF test results. In simulating the RTF tests, pH was adjusted in a step-wise
manner in the input to LIRIC 3.0 to follow the experimentally observed pH changes (Figures 4
and 7), although the pH changes used in the calculations were more abrupt than those that
occurred during the test.

For the simulation of Test 0.2.1, an effective metal-ion concentration of 1 x 10"7 mol»dm~3 and
gas-phase adsorption and desorption rate coefficients of 0.9 x 10"2 dm^s"1 and 9 x 10*7 s"1,
respectively, were used with the reversible physical adsorption model. In all simulations, these
three are the only adjustable parameters used to produce reasonable fits. For the simulation of
Test 0.2.2, these parameters were 2 x 10"7 mol«dm'3, 1 x 10"2 drn^s"1 and 9 x 10'7 s"1, respectively.
The other input parameters required by LIRIC 3.0 were the same as those defined by the test
conditions (such as the radiation dose-rate and the initial T and dissolved oxygen concentrations).
The input parameter values used in all the simulation calculations are listed in Table 1.

Table 1. Input Parameters Used in the Simulations
Input Parameter

Dose Rate (kGy«h"')

Initial [T] (mol«dm3)

Adsorption Rate
Constant (dm* s"1)
Desorption Rate
Constant (s'1)
Metal-Ion Concentration
(mol»dm"3)

Test 0.2.1

1.36

9e-6

9e-3

9e-7

le-7

Test 0.2.2

1.36

9e-6

le-2

9e-7

2e-7

of the RTF Tests*
Test 2.1

1.77

8.5e-6

1.5e-3

le-6

le-8

Test 2.4

1.23

le-5

1.5e-3

le-6

le-8

Test 4.2

1.47

9e-6

le-3

1.2e-6

le-8

* The overall gas-aqueous phase mass-transfer coefficient was 2.25 x 10"4 cm-s"1 in all
simulations.

Although observed in both the gas and the aqueous phases in the RTF tests, organic iodides were
not included in the simulations of the stainless steel tests since there were nominally no organic
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compounds present. The organic iodides might have been introduced to the water as impurities in
the iodine source or may have formed from the reaction of trace organic impurities in the bare
steel vessel (possibly from cleaning residues). Throughout these tests the organic-iodide
concentration in the gas phase remained constant and small compared with the h concentration in
the gas phase. In the aqueous phase, the organic-iodide concentration was observed to be about
the same as that of I2, but the determination of aqueous speciation was inconclusive. The major
iodine species in the aqueous phase was always non-volatile T.

As shown in Figures 2 to 6, the calculations reproduce the observed iodine behaviour very well in
both the gas and the aqueous phases. The discrepancies, particularly in the gas phase, may be due
to the omission of organic-iodide formation and, to a small extent, the abrupt pH changes used in
the calculations. The omission from the simulations of the formation of soluble organic iodides,
such as iodides of ketones, alcohols and phenols, would yield calculated total gas-phase iodine
concentrations higher than the test value because such compounds are less volatile than molecular
iodine. However, the omission of the organic-iodide formation would not affect significantly the
total aqueous-phase iodine concentration.

The depletion of iodine in both the gas and the aqueous phases with time is due to the adsorption
of gaseous I2 on surfaces. The decrease in the gas-phase iodine concentration following each peak
is more noticeable for a higher I2 concentration in the gas phase because the adsorption rate is
proportional to the gas-phase I2 concentration. The gas-phase I2 concentration and its decay rate
are sensitive functions of the adsorption and desorption rate coefficients. The adsorption and
desorption rate coefficients used in the simulations are of the same order of magnitude as those
measured for I2 adsorption on stainless steel coupons in bench-scale studies [19].

• Experimental

•Calculated

50 100 150 200

Time (h)

250 300 350

Figure 2 - Simulation of RTF Test 0.2.1: Aqueous-Phase Iodine Concentration.
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Figure 3 - Simulation of RTF Test 0.2.1: Gas-Phase Iodine Concentration. The perturbations in
the gas phase iodine concentration are mainly due to the changes in pH (see Figure 4).
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Figure 4 - Input pH to LIRIC 3.0 for the Simulation of RTF Test 0.2.1
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Figure 5 - Simulation of RTF Test 0.2.2 : Aqueous-Phase Iodine Concentration
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Figure 6 - Simulation of RTF Test 0.2.2 : Gas-Phase Iodine Concentration
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Figure 7 - Input pH to LIRIC 3.0 for the Simulation of RTF Test 0.2.2.

The calculations of both Tests 0.2.1 and 0.2.2 do not reproduce the total gas-phase iodine
concentrations immediately following each pH transient. This may be because the pH changes in
the calculations were instantaneous whereas in the RTF tests it required some time for the small
quantity of added acid solution to bring the pH of the water in the RTF to the desired level. Also,
in cases of high h concentrations, adsorption on the sampling line may lower the observed gas-
phase concentration. The overall aqueous/gas mass-transfer rate coefficient has a small impact on
the peak gas-phase iodine concentrations, and a better fit could have been obtained with a
different mass-transfer coefficient. However, uncertainties in the adsorption and desorption rate
coefficients, the pH profiles and the effective metal-ion concentration have more significant
consequences on iodine volatility and, hence, a larger impact on the quality of the fit.

3.3 Simulation of Phase 2 Tests in Vinyl-Painted Vessels

Figures 8 to 13 show the results of simulation studies of RTF Tests 2.1 and 2.4. Because LIRIC
3.0 is not yet able to accurately model organic compound dissolution from the vinyl paint and,
thus, the resulting time-dependent pH changes and rates of organic-iodide formation, we did not
attempt to simulate the pH or the organic-iodide behaviour. As input to the calculations, the pH
profile was adjusted to approximately match the experimentally observed pH behaviour (Figures
10 and 13).

In the presence of radiation, organic iodides are mainly formed by reactions of radiolytically
produced organic radicals and I2 in the aqueous phase (Reactions (19) and (20)) [2,11]. Because
these reactions are relatively fast, the rate of organic-iodide formation and the total yield of
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organic iodides are determined by the organic compound dissolution rate from the paint into the
aqueous phase, and the h production rate in the aqueous phase. Radiolytic organic-iodide
formation was not included in the simulation. While organic-iodide formation by thermal
reactions is not likely to contribute significantly, thermal iodoform (CHI3) formation (from MEK)

1-9 . -3\was included in the calculations (with an MEK concentration of 5 x 10 mol»dm ). Iodoform
does not contribute significantly to the calculated total gas-phase iodine concentration, except at
later stages during a test when most of the gaseous I2 has been adsorbed on a surface.

The adsorption rate coefficient used to simulate the tests with vinyl-painted surfaces is smaller
than that used in the simulations of the stainless steel vessel cases and is about an order of
magnitude smaller than the gas-phase mass-transfer rate coefficient, characteristic of
chemisorption. LIRIC 3.0 has an option to use an I2 adsorption model based on physical
adsorption/desorption followed by chemisorption, the rate of the chemisorption step depending on
the amount of physically adsorbed I2. However, for all the simulations presented in this report
only the reversible physical-adsorption model was used because the chemisorption model requires
too many adjustable parameters whose values are not presently available. Not using the
chemisorption model may explain the higher calculated aqueous-phase iodine concentration at the
later stages of the tests when the pH was raised (Figures 8 and 11). When pH is increased, the
aqueous-phase I2 concentration decreases because of an increase in the rate of reduction of I2 to T
(Reactions (3) to (11)). This induces the mass transfer of I2 from the gas to aqueous phase, which
in turn results in the desorption of iodine from the gas-phase surface to the gas phase. This net
transfer of I2 from the surface to the aqueous phase increases the total iodine concentration in the
aqueous phase.
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Figure 8 - Simulation of RTF Test 2.1: Aqueous-Phase Iodine Concentration
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Figure 9 - Simulation of RTF Test 2.1: Gas-Phase Iodine Concentration
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Figure 10 - Input pH to LIRIC 3.0 for the Simulation of RTF Test 2.1
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Figure 11 - Simulation of RTF Test 2.4 : Aqueous-Phase Iodine Concentration
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Figure 12 - Simulation of RTF Test 2.4 : Gas-Phase Iodine Concentration



525

11

Experimental
Input pH

0 50 100 150 200 250 300 350 400 450 500

Time (h)

Figure 13 - Input pH to LIRIC 3.0 for the Simulation of RTF Test 2.4:

There were again more organic iodides observed in these tests than used in the calculations (where
radiolytic organic-iodide formation was not modelled). Since organic iodides are not adsorbed on
surfaces as easily as I2, the calculations tend to show sharper decreases following peaks in the gas-
phase iodine concentrations than was observed in the corresponding RTF tests.

The metal-ion impurities in the vinyl-vessel tests probably came only from various sampling and
circulating loops of the RTF and hence their concentration is expected to be much smaller than
that present in the stainless steel vessel tests. Gas-phase ventings during the tests were not
simulated. The RTF test results show that venting has only a small impact on iodine
concentrations: when venting stops, both the gas- and aqueous-phase iodine concentrations return
to the values prior to the venting.

The calculations reproduce the observed iodine behaviour in both the gas and the aqueous phases
reasonably well considering that organic-iodide formation was not modelled adequately.
Omission of radiolytic organic-iodide reactions should have a larger impact on iodine-volatility
calculations in a vinyl vessel than that in a stainless steel vessel. In both vinyl tests, the organic-
iodide concentration in the aqueous phase was much greater than that of h in the aqueous phase (I"
was still the major aqueous iodine species), whereas I2 contributes more than organic iodides to
the total gas-phase iodine concentration except at the later stages of the tests [2,3]. The organic
iodides in the aqueous phase are likely to be iodides of soluble organics such as ketones, alcohols
and phenols, whereas those in the gas phase will be limited to the more highly volatile organic
iodides such as CH3I. However, in both the gas and the aqueous phases, the organic-iodide
concentration closely follows that of I2. Our studies on the effects of organic-coated surfaces on
iodine volatility [2] suggest that organic iodides are mainly formed by the reaction of molecular
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iodine and organic impurities in the aqueous phase. The radiolysis-driven organic-iodide
formation appears to be faster than either the rate of organic release from the surface paint into the
water or the rate of molecular iodine production. Thus the concentrations of h and organic
iodides tend to parallel one another. Some of the organic iodides formed in the aqueous phase
become airborne and the fraction of organic iodides in the gas phase is determined by their
partition coefficients. It appears that the average partition coefficient of the organic iodides
formed in the RTF tests with the vinyl-painted vessels is somewhat less than that of molecular
iodine.

As in the stainless steel vessels, significant depletion of iodine in both the gas and the aqueous
phases is a result of adsorption of gaseous h on the vinyl surface. The increase in the aqueous-
phase iodine concentration at later stages in the test, when the pH was intentionally raised, is due
to slow desorption of h from this surface.

3.4 Simulation of Phase-4 Test-2 in an Epoxy-Painted Vessel

The simulation results of Test 4.2, compared with the test results, are shown in Figures 14 to 16.
The calculations were performed in a very similar way as those for the Phase 2 tests in vinyl-
painted vessels. The differences are in some of the input parameters (Table 1). Both the
experimental and the calculated results are very similar to the behaviour observed in Phase 2 tests.
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Figure 14 - Simulation of RTF Test 4.2: Aqueous-Phase Iodine Concentration
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4. CONCLUSIONS

Understanding of iodine behaviour in containment under accident conditions is improving.
Intermediate-scale studies identified unforeseen phenomena and key processes that may control
iodine behaviour in containment under accident conditions. Detailed bench-scale mechanistic
studies of some key processes were performed and their results were incorporated into the LIRIC
3.0 model.

The LIRIC 3.0 model has undergone significant changes and improvements from the previous
version - LIRIC 2.0. It has been used to assess the role and importance of individual phenomena
in iodine chemistry in containment and to establish priorities in the iodine research program. The
new version, LIRIC 3.0, has been used to simulate some RTF tests with reasonable success. The
general ability of LIRIC 3.0 to reproduce the tests under somewhat limited conditions suggests
that four of the reaction modules shown in Figure 1 are modelled reasonably well in LIRIC.
These are (a) iodine reactions in the aqueous phase, (b) the effect of pH, radiation and dissolved
oxygen on the iodine reactions, (c) water-radiolysis reactions, and (d) the gas- and aqueous-phase
mass transfer.

We have difficulties in reproducing some results in detail, because of uncertainties in modelling.
These are (a) the surface deposition of h, (b) the effect of trace metals, and (c) the effects of
organic surfaces. For surface deposition, the adsorption model in LIRIC 3.0, which requires two
rate constants, reproduces the RTF tests very well. However, it is not certain how to choose
appropriate values for these constants under real containment conditions. Trace metal ions can
have a major impact on the aqueous chemistry controlling iodine volatility. The effect of trace
metals in the RTF tests has been modelled using Cu+/Cu2+ reactions with an effective metal-ion
concentration. Again, how to choose an appropriate value for the effective concentration in real
situations is not known. The least developed area in modelling iodine behaviour is the effect of
organic surfaces on the time-dependent behaviour of pH, dissolved oxygen concentration, and
organic-iodide formation. Although our understanding of the radiolysis of organic compounds in
water has improved significantly over the last few years, dissolution of organic paint components
into water in a radiation field and the formation of highly soluble organic iodides are not well
understood. Clearly, more work is required in these areas. The iodine chemistry research
program at the Whiteshell Laboratories of AECL is currently focussing on this area, and
significant progress has been made [2].

We have not discussed the effect of temperature on iodine volatility in this paper. Although
temperature is a key parameter in determining iodine volatility, our database is lacking in
temperature-dependent reaction rates. We are investigating the effects of temperature on iodine
behaviour in the RTF as well as in bench-scale studies, and as the results from these studies
become available, they will be incorporated in LIRIC 3.0.
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