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THE INTERACTION OF IODINE WITH ORGANIC MATERIAL
IN CONTAINMENT

J.C. Wren1, J.M. Ball, G.A. Glowa, R. Portman and G.G. Sanipelli

Abstract

Organic impurities in containment water, originating from various painted structural surfaces and
organic containment materials, could have a significant impact on iodine volatility following an
accident. A research program at the Whiteshell Laboratories of AECL has been designed to
determine the impact of organic impurities on iodine volatility under accident conditions. The
program consists of experimental, literature and modelling studies on (1) the radiolysis of organic
compounds in the aqueous phase, (2) thermal and radiolytic formation and decomposition of
organic iodides, (3) dissolution of organic solvents from various painted surfaces into the aqueous
phase, and (4) iodine deposition on painted surfaces. The experimental studies consist of bench-
scale "separate effects" tests as well as intermediate-scale "integrated effects" tests in the
Radioiodine Test Facility.

The studies have shown that organic impurities will be found in containment water, arising from the
dissolution of organic compounds from various surface paints and that these compounds can
potentially have a significant impact on iodine volatility following an accident. The main impact of
surface paints will occur through aqueous-phase reactions of the organic compounds that they
release to the aqueous phase. Under the radiation conditions expected during an accident, these
compounds will react to reduce the pH and dissolved oxygen concentration, consequently increasing
the formation of I2 from T that is present in the sump. It appears that the rates of these processes
may be controlled by the dissolution kinetics of the organic compounds from the surface coatings.
Moreover, the organic compounds may also react thermally and radiolytically with I2 to form
organic iodides in the aqueous phase. Our studies have shown that the formation of organic iodides
from soluble organics such as ketones, alcohols and phenols may have more impact on the total
iodine volatility than the formation of CH3I.

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

Structural surfaces within a reactor building are normally coated with organic-based paints. Such
surfaces may play an important role in determining iodine volatility in containment following a
reactor accident and are likely to be the main source of organic impurities in the sump water
following an accident. These impurities not only react with iodine to form organic iodides but also
affect the pH and dissolved oxygen concentration of the sump water, two key parameters affecting
iodine volatility. Painted surfaces, particularly those in contact with the gas phase, also provide
sites for iodine adsorption, one of the main processes limiting the airborne iodine concentration.

The effects of organic-painted structural surfaces on iodine behaviour under reactor accident
conditions have been studied as part of the safety research program on iodine behaviour at the
Whiteshell Laboratories of AECL [1-11]. The program on the effects of organics on iodine
behaviour has four components:

(1) aqueous dissolution of organic solvents from painted surfaces to determine the types and
quantities of organic impurities likely to arise in sump water following an accident;

(2) radiolysis of water containing organic impurities, originating from painted surfaces, to
determine their impact on the pH, dissolved oxygen concentration and oxidizing radical
concentrations;

(3) thermal and radiolytic formation and decomposition of organic iodides in the aqueous phase;
and

(4) gas-phase adsorption and desorption of iodine on painted surfaces.

The program includes literature and chemical kinetic modelling studies, as well as bench-scale
"separate effects" tests and intermediate-scale "all effects" experiments. This paper describes recent
findings from these studies.

2. DESCRIPTION OF THE EXPERIMENTAL STUDIES

2.1 Intermediate-Scale Studies

The intermediate-scale studies were performed in the Radioiodine Test Facility (RTF). 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 Co radiation source can be placed. The radiation source provides an absorbed radiation
dose rate in the aqueous phase, ranging from 1.2 to 2.0 kGy*h"'. The main vessel can be partially
filled with water and selected chemical additives to simulate the sump water in containment
following an accident. Typically, the aqueous and gas volumes are 25 and 315 dm3, respectively;
the surface areas in contact with the aqueous and gas phases are 52 and 220 dm2, respectively; and
the aqueous and gas-phase interfacial area is 37 dm2. Electrical 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
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generally starts with an injection of 13II labelled Csl into the aqueous phase, to provide an initial
aqueous iodide concentration of about 1 x 10"5 mol«dm"31. This is followed by on-line detection of
iodine concentration in the gas and aqueous phases as a function of time. Gas and aqueous
speciation samples are also taken periodically. Finally, the iodine surface loadings are determined
by washing the surface 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 the aqueous phases during the tests are also used to determine and confirm the
iodine surface loadings. Analytical procedures used in this experiment have been summarized in
detail previously [3,9].

The effects of radiation, surfaces (including carbon steel with various inorganic and organic
coatings, stainless steel and unpainted concrete), pH, and temperature on iodine volatility have been
investigated in the RTF [3,6-9]. This paper focuses on the impact of organic coatings on iodine
behaviour within containment.

2.2 Bench-Scale Studies

The main objectives of the intermediate-scale RTF studies are to identify unforeseen phenomena and
estimate the "all effects" behaviour of iodine. Bench-scale studies were conducted, in parallel with
the RTF program, to determine the separate effects of various parameters or processes on iodine
volatility and to evaluate the role and importance of phenomena identified in the intermediate-scale
studies. The bench-scale studies included measurements of the radiolysis of organic compounds
and the formation and hydrolysis of organic iodides in the aqueous phase, measurements of the
dissolution of organic solvents from painted surfaces into the aqueous phase, and measurements of
the iodine deposition on painted surfaces from the gas phase.

The radiolytic decomposition of the common paint solvents, methyl-ethyl-ketone (MEK), methyl-
isobutyl-ketone (MIBK) and toluene in the aqueous phase were studied as a function of radiation
dose, initial organic concentration and initial pH. The changes in pH and dissolved oxygen
concentration that result from the radiolytic oxidation were studied. These data were used to
develop a mechanistic model for the time-dependent pH and dissolved oxygen behaviour caused by
the radiolytic decomposition of organic impurities in the aqueous phase.

Most of the early research on organic iodide formation in containment focussed on the radiolytic
production of CH3I, because of its high volatility. However, various RTF tests have suggested that
although volatile low-molecular-weight organic iodides, such as CH3I, may contribute a significant
fraction of the gaseous iodine, their contribution to total iodine volatility may be limited. Formation
of organic iodides of soluble organic compounds, such as ketones, alcohols and phenols, may also
play an important role in determining iodine volatility. During the course of the radiolytic
decomposition of the organic solvents, MIBK, MEK, xylene and toluene, to produce organic acids
and CO2, various alkane, ketone, alcohol, and phenol radicals are formed, which react readily with
I2 to form various organic iodides. Organic iodide formation from MLBK, MEK and aromatic
compounds in aqueous solutions containing T in the presence of radiation was studied. The yield of
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organic iodides was measured as a function of the organic and T concentrations, radiation dose, pH
and temperature.

The dissolution of organic solvents from painted surfaces into the aqueous phase was studied to
determine the time-dependent behaviour of pH, dissolved oxygen and organic iodide concentrations
under accident conditions. Paint types studied include vinyl, epoxy and polyurethane. The
preliminary results show that, under reactor accident conditions, the rates of radiolytic
decomposition of organic compounds and formation of organic iodides are much faster than the rate
of organic dissolution. Thus the latter process appears to be the rate-determining step for the
changes in pH, dissolved oxygen concentration and organic iodide concentration. Consequently,
detailed kinetic mechanisms for the radiolytic decomposition of organic compounds and the
formation of organic iodides may not be necessary.

Also included in the bench-scale studies are measurements of the hydrolysis rates and partition
coefficients of organic iodides as a function of temperature. Organic iodides hydrolyse in the
aqueous phase. The hydrolysis rate depends on temperature and this dependence is one of the main
factors affecting the temperature dependence of iodine volatility. Other temperature-dependent
processes are the hydrolysis of I2, the reduction of I2 to T by H2O2, and the aqueous dissolution of
organic solvents, as well as aqueous-gas mass transfer (partition coefficients) and surface
deposition. Radiolysis reaction rates are much less temperature sensitive than these processes.

The adsorption and desorption parameters of I2 on painted coupons and tubing in the gas phase are
being measured as a function of the I2 concentration in the gas phase, temperature and relative
humidity. The results are being used to develop a semi-mechanistic model to be incorporated into
LIRIC [2].

3. RESULTS AND DISCUSSION

3.1 Iodine Volatility in Organic-Painted Vessels

Intermediate RTF tests show that iodine volatility increases substantially in the presence of organic-
painted surfaces. For these tests, the vessel coatings were typically cured in dry air for about 3
months prior to the tests in the RTF. The constituents of the vinyl, epoxy, polyurethane and zinc
primer paints are shown in Table 1.

The gas-phase iodine concentration observed in a RTF test performed in a zinc-primed vinyl-
painted carbon-steel-lined vessel in the presence of radiation is compared with that of a zinc-primed
carbon-steel-lined vessel in Figure 1. The iodine volatility observed in the vinyl-painted vessel was
about 3 orders of magnitude higher than that observed in the zinc-primed vessel. Similar RTF tests
performed in polyurethane- and epoxy-painted vessels have shown iodine volatility similar to that
observed in the vinyl test (Figure 2).
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Table 1 - Constituents of Zinc Primer, Vinyl,
INTERVINUX VM HB
Vinyl Paint
Ingredients2

methyl ethyl ketone
ethyl 3-ethoxy propionate
tricresyl phosphate
xylene
methyl isobutyl ketone
silica amorphous
ferric/ferrous oxide

Thinner
methyl isobutyl ketone
toluene

wt%
15-40
10-30
3-7
1-5
1-5
1-5
1-5

30-60
30-60

AMERCOAT 66
Epoxy Paint

Ingredients
Part A - (Cure)4

polyamide resin
xylene
triethylene tetramine
Part B - CResin)4

epoxy resin
methyl isobutyl ketone
Xylene
methyl n-amy ketone
2-butoxyethanol
talc
titanium dioxide
iron oxide
Amercoat 7 (Thinner)

wt%

<75
<30
<5

<25
<10
<10
<10
<5
<40
<10
<10
No Data
Provided

Epoxy and Polyurethane Paints
CARBOLINE CARBOZINC 11
Zinc Primer
Ingredients
Part A (base)3

ethanol
isopropanol
silica
2-butoxy ethanol
aluminum silicate
ethyl silicate
methanol
pigment
methyl silicate
mica
water
Part B (zinc filler)3

zinc dust
zinc oxide dust
Thineer#21
isopropanol
Thinner #26
l-methoxy-2-propanol
2-ethoxy butanol
NORMAC NR-5S
Polyurethane Paint
Ingredients
Part A5

polyether polyol
methylene bis-(4-
cyclohexylisocyanate)
1,1,1 -trichloroethane
PartB5

dihydro-2(3H)-furanone
4-4' - methylene dianiline

Thinner
1,1,1-trichloroethane
diethylene ether
1,2-butylene oxide
nitromethane

wt%

30
20
15
10
10
10
10
5
5
5
4.4

97
3

100

>1
>1

wt%

42-60
2.1-3.6

35-55

35-60
42-50

96.5
2.5
0.5
0.3

1 Paint compositions provided by manufacturers.
2 Only hazardous materials are listed. Paint is up to 30% solids (vinyl-chloride, vinyl-acetate co-polymer) by volume.
3 One gallon part A (base) mixed with 8 kg (zinc filler). Thinner added as required.
4 One part A (cure) mixed with 4 parts B (resin). Thinner added as required.
5 One part A mixed with 0.15 parts B. Thinner added as required.
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Figure 1 - Effect of Surface Coating on Iodine Volatility in the RTF. The tests were performed in
the presence of radiation at an absorbed dose rate of -1.5 kGy^h"', with an initial pH of
10. The pH of the water was not controlled during the tests.

3.2 Effect of Organic-Surface Coatings on pH and Dissolved Oxygen

Figure 2 shows both the total gas-phase iodine concentration and the solution pH as a function of
time during the tests in organic-painted vessels. The gas-phase iodine concentration increases are
closely related to decreases in pH.

To confirm the association of the iodine behaviour with the pH change, tests were performed in
which pH was held at 10 throughout (by periodic additions of NaOH). With a vinyl-painted vessel,
the gas-phase iodine concentration was initially about 2 orders of magnitude lower than that
observed when the pH was not fixed (Figure 3). The test in a vinyl-painted vessel with the fixed pH
still yielded a higher gas-phase iodine concentration than the test performed in a zinc-primed vessel
with the fixed pH. This difference is attributed in part to considerable adsorption of T on the zinc
coating in contact with the aqueous-phase. Post-test examination found about 80% of the initial
iodine was adsorbed on the surfaces in contact with the aqueous phase. Details of the zinc primer
studies have been reported previously [6].
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Figure 2 - Effect of Organic-Painted Surfaces on pH and Gas-Phase Iodine Concentration in the
RTF. The tests were performed in the presence of radiation at an absorbed dose rate of
~ 1.5 kGy-h"1, with an initial pH of 10.
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Figure 3 - Effect of pH Control on Gas-Phase Iodine Concentration in the RTF tests performed in
vinyl-painted vessels. These tests were performed in the presence of radiation at an
absorbed dose rate of-1.5 kGy»h"', with an initial pH of 10.
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The effect of pH on iodine volatility is discussed in detail in another paper presented at this
conference [4]. However, to summarize this effect, in the presence of radiation, iodine volatility
depends on the reduction rate of volatile I2 to non-volatile T by H2O2, a water radiolysis product.
This dependence is inversely proportional to [H*] at high pH values and inversely dependent to
[H+]2 at low pH values. In all organic-painted vessel tests in the RTF, the pH decreased in the
presence of radiation, thus decreasing the iodine reduction rate and, hence, increasing the iodine
concentration in the gas phase.

Why does the pH decrease? Early modelling studies have suggested that the radiolytic formation of
nitric acid in air could lead to a lower pH [5]. This can be ruled out as the main cause of the pH
decrease observed in these tests because the pH decrease was not observed in the absence of an
organic coating (bare stainless steel). Radiolytic formation of HC1 can also be excluded as a
potential cause for pH reduction with vinyl paint. The rate of HC1 production can be calculated to
be small, based on the known G value for HC1 production from the vinyl paint polymer (vinyl
acetate and vinyl chloride co-polymer) [5], and the measured chlorine content in the water in the
RTF tests with vinyl-painted vessels indicate no significant HC1 production.

The most likely cause of the pH decrease is the radiolytic oxidation of organic impurities in the
aqueous phase. This has been tested by adding MEK (methyl-ethyl-ketone) to the aqueous phase
during a test performed in a zinc-primed vessel (Figure 4). The addition of MEK resulted in a rapid
decrease in pH and dissolved oxygen concentration. Based on our bench-scale studies on the
radiolytic decomposition of MEK and MIBK, this can be rationalized by a radiolytic degradation of
MEK to form radicals (R») which subsequently form organic acids and eventually CO2:

MEK -
•R

f -OH -»
f O 2 - •

•R
•RO2

•R', alcohols, aldehydes, acids and CO2

(1)
(2)
(3)

Clearly, surfaces painted with organic coatings, and in contact with water, are a source of organic
impurities. This was demonstrated by the observed organic concentrations in RTF tests that had
been performed in organic-painted vessels without radiation (millimoles of MIBK, the major
constituent of paint thinner, and a few micromoles of MEK, toluene and xylene, other major
components of paint solvents and thinners, Figures 5 and 6). These organics were not found in a
similar test with radiation. This is postulated to be the result of organic dissolution rates being
slower than organic radiolytic decomposition rates. Consequently, the steady-state concentration of
the organic impurities in the presence of radiation (at the dose rates used in these studies) is
negligible. The relative rates of their radiolytic decomposition, as compared with their dissolution,
can be seen by comparing the rate of change in the MEK concentration following the MEK addition
(Figure 4) to the change in the MIBK concentration (Figure 5). Methyl-isobutyl-ketone decomposes
more readily than MEK in a radiation field to form organic acids.
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Figure 4 - Effect of MEK Addition on pH, Dissolved Oxygen (DO) Concentration and Airborne
Iodine Concentration ([Ig]) in an RTF Test Performed in a Zinc-Primed Vessel. The test
was performed in the presence of radiation at an absorbed dose rate of 1.8 kGy»h'.
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Figure 5 - Aqueous-Phase Concentration of MIBK (Methyl-Isobutyl-Ketone) and MEK (Methyl-
Ethyl-Ketone) in RTF Tests Performed in a Vinyl-Painted Concrete-Lined Vessel in the
Absence of Radiation. No measurable amounts of these organic compounds were
present in a radiation field. The sudden increase in the MTJBK concentration at -170 h
was due to a deliberate injection of 1.0 x 10"3 mol»dm"3 MIBK into the aqueous phase.
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Figure 6 - Gas-Phase Concentrations of Aromatics during RTF Tests Performed in Vinyl-Painted
Concrete-Lined Vessels With and Without Radiation.

The different pH reduction rates observed with different organic coatings (Figure 2) could arise
from differences in the organic species released, the aqueous dissolution rates and the radiolytic
decomposition rates of the organic species. However, it has been shown that the major organic
solvents released from organic-coated surfaces tested in our bench-scale studies (e.g. MTBK and
xylene from vinyl-painted coupons, and heptanone and xylene from epoxy-painted coupons) rapidly
decompose to small organic acids (e.g. acetic acid) and CO2 in the presence of radiation. Thus the
organic dissolution rate is most likely to determine the pH reduction rate. The bench-scale studies
on the dissolution of organic species from painted coupons are discussed in detail in Section 3.4.

The observed pH decrease is not linear with time because the change in pH not only reflects the
organic dissolution rate, which determines the acid production rate, but also shows the buffering
effects of carbonates, until the pH reaches about 9.5. The buffering effect appears to break down
below pH 9.5, causing the sudden drop in pH. (The buffer capacity of the H2CO3/ HCO37 CO32"
system reduces considerably at pHs below 9.5, reaches a minimum at pH about 8, but increases
again with another maximum at pH 6.37 [12]). The final pH values observed with the epoxy- and
polyurethane-painted vessels coincide with another buffering zone of the carbonate system (near pH
6.3). The final pH for the vinyl case was much lower, 4.8, probably because of the considerably
higher release of organics from the vinyl-painted surface than from other organic surfaces, which
allowed for significant accumulation of acetic acid.
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3.3 Effect of Organic Surface Coatings on Organic Iodide Formation

Because of the presence of organic compounds at relatively high concentrations in the aqueous
phase and a higher I2 concentration in the aqueous phase than in the gas phase or on surfaces, our
studies on organic iodides have mainly focussed on the formation and decomposition of organic
species in the aqueous phase. Although there is still controversy over the major organic iodide
formation mechanisms [13-19], it is generally accepted that homogeneous gas-phase reactions are
not likely to be the main source of organic iodides in containment in an accident because the
requisite radical (R«) and I2 concentrations are relatively low [16-19]. However, whether
heterogeneous surface reactions or homogeneous aqueous phase reactions are the main pathway
leading to organic iodide formation has not been resolved unequivocally.

We believe that organic iodide behaviour in containment following an accident is mainly
determined by homogeneous aqueous-phase reactions. Heterogeneous reactions to form organic
iodides depend on the formation of the precursor organic radical. The principal mechanism for
organic radical formation during an accident will be the radiolytic decomposition of the polymers
that form the bulk of the organic coating. However, the organic radicals thus formed are likely to
remain bound to the surface and subject to rapid recombination. The steady-state concentration of
surface radicals available for reaction with I2 will likely be low. Reactions of h with coating
solvent or impurity compounds on surfaces is possible; however, irreversible (i.e., chemically
bound) iodine adsorption on organic paints or metal surfaces in the aqueous phase is usually
observed to be small [3] (see also Table 2). (The exception is zinc primer.)

Studies on organic iodide formation have mainly focussed on CH3I because of its high volatility and
because methane or other small alkanes have been believed to be the major organic impurities in the
containment atmosphere following an accident. However, RTF tests performed in organic-painted
vessels have found much higher total organic iodide concentrations in the aqueous phase than in the
gas phase. Shown in Figure 7 are iodine speciation measurements obtained in an RTF test
performed with a vinyl-painted vessel. In later stages of the test, organic iodides became the
dominant gas-phase iodine species since most of the gaseous I2 had been adsorbed on surfaces by
then. However, the absolute concentration of organic iodides in the gas phase remained relatively
low and slowly decreased with time, presumably because of hydrolysis of the organic iodides. On
the other hand, there were more organic iodides than h in the aqueous phase. (Non-volatile T, not
shown in Figure 7, was always the major iodine species in the aqueous phase.) It should also be
noted that gas and aqueous-phase mass transfer is relatively fast compared with the other processes,
and thus the concentration of a given iodine species in the gas phase reflects its concentration in the
aqueous phase.

Although our confidence level for the aqueous speciation measurements, particularly for those of
molecular iodine, is low (about a factor of 5 for I2(aq)), comparison of the gas and the aqueous
phase speciations indicates that the majority of organic iodides in the aqueous phase are relatively
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involatile, and certainly not as volatile as CH3I. Formation of these relatively involatile, presumably
highly soluble organic iodides of various ketones, alcohols and phenols, can thus reduce iodine
volatility by reducing the molecular iodine concentration in the aqueous phase.
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Figure 7 - Aqueous- and Gas-Phase Iodine Speciation in an RTF Test Performed in a Vinyl-Painted
Vessel.

Figure 7 also shows that in the aqueous phase, the organic iodide concentration closely followed
that of I2, which was observed in all tests with organic-painted vessels; another example is shown in
Figure 8. Figure 8 also shows that when MEK was added into the aqueous phase at a later stage of
the test, the gas-phase CH3I concentration closely followed that of total iodine. This indicates that
the organic iodides are formed by the reaction of I2 with organic compounds in the aqueous phase,
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and that these reactions are relatively fast. Various ketone and alcohol radicals formed by the
radiolysis of MIBK and MEK (see Reactions (1) to (3)) would easily react with I2:

R. RI (4)

Aromatic organic iodides can be formed by thermal and radiolytic reactions of t with phenol
derivatives [10,11], which can be easily formed by the radiolysis of aromatic solvents such as
xylene and toluene.
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Figure 8 - Effect of Organic Addition to the Aqueous Phase on the Gas-Phase Iodine Concentration
and Speciation in an RTF Test Performed in a Epoxy-Primed, Polyurethane-Painted
Carbon-Steel Vessel.

3.4 Dissolution of Organics

It has been shown in the RTF that the kinetic behaviour of key factors affecting iodine volatility,
such as pH, dissolved oxygen concentration and organic iodide concentration, is mainly determined
by the aqueous dissolution of organic species from surface paints. The release of organic solvents
from vinyl- and epoxy-painted stainless steel coupons into the aqueous phase was studied as a
function of pH, radiation dose, iodine concentration and temperature. For these experiments, 60 mL
of water, with pH adjusted using boric acid and NaOH, was added to 375-mL glass vessels. An
experiment began with the immersion of two painted coupons (5.32 cm2 each). The temperature of
the cell was controlled by either a circulating-water bath or heating tapes. Gas and aqueous samples
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(1 mL) were taken periodically for organic analysis. The gas analysis was performed using ordinary
gas chromatography (GC) or gas chromatography with a mass selective detector and the aqueous
analysis was performed using high-performance liquid chromatography (HPLC) following
derivatization or following solid-phase micro-extraction. Because of the higher sensitivity of GC
compared with HPLC, gas-phase analyses were used more routinely to study organic compound
dissolution. Because the dissolution rates of the organic compounds from the painted coupons are
relatively slow, it is assumed that the organic compounds in the gas and the aqueous phases are in
fast equilibrium and that the concentrations of the organic species in the gas phase are correlated
with those in the aqueous phase by their partition coefficients. This equilibrium assumption was
tested by injecting MIBK into the aqueous phase and measuring MIBK evolution to the gas phase.
Equilibrium was reached within 10 min, and the partition coefficient of MIBK observed from the
test was 4.0 x 102.

We have observed the release of both aliphatic and aromatic organic compounds (paint solvents)
from the painted surfaces. Figure 9 shows the organic compounds detected in the gas phase in a test
with vinyl-painted coupons, aged in air for about 2 months, at 40°C. The major component of the
thinner present in this paint, MIBK, was the major organic compound released, as observed in the
gas phase and in the aqueous phase. The amount of MIBK released from these painted coupons was
twice that of xylene and toluene for relatively fresh (about 2 months) paints and was at least an
order of magnitude larger for older paints. Other components of the paint thinner, xylene and
toluene, were also observed in the gas phase.

• MIBK
• Toluene
• Xylene

600 700 800

Figure 9 - Organic Compounds Detected by Gas Chromatography in the Dissolution Test with
Vinyl Coupons at 40°C. The curves were fitted to the data using Equation (7) in the text.
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Other organic compounds observed in the gas phase at much lower concentrations were MEK,
acetone and trichloroethane. At the end of a dissolution experiment at 90°C, the whole coupon
surface was covered with mini-blisters, 1 to 2 mm in diameter, and the carbon steel was exposed on
the edges. A layer of the vinyl polymer peeled, revealing yellow discoloration underneath, and
ethanol and 2-propanol, the major solvent constituents of the zinc primer base undercoating, were
observed in solution. However, in all cases, MD3K was by far the major organic compound released
from the painted surfaces.

The kinetics of the MIBK dissolution was derived based on the following simple mechanism:

MIBK(ab) -» MBK(aq) (5)
MIBK(aq) <-> MIBK(g) (6)

Assuming a fast equilibrium for Reaction (6) leads to the following equation for the concentration
of MIBK in solution,

[ MIBK(ag)], = • - * - • [ MIBK(ab)]o • (1 - exp (-la)) (7)

where aq, ab and g in the brackets and subscripts represent aqueous, absorbed and gas phase,
respectively, H is the partition coefficient of MDBK, V is volume, A is surface area, k is the
dissolution rate constant (s1) and [MIBK(ab)]o is the absorbed MIBK concentration present in the
paint polymer phase at the start of dissolution, which determines the total amount of MCBK
released.

Simulation calculations using Equation (7) reproduce experimental results very well (as shown in
Figures 10 and 11) indicating that the simple mechanism adequately describes the organic solvent
dissolution process. (Figures 10 and 11 use the same data except that in Figure 11 the data at each
temperature are normalized to the final MIBK concentration, which is determined by [MIBK(ad)]o.)
The dissolution parameters, [MIBK(ad)]o and k, were determined from best fits to the experimental
data using Equation (7).

The dissolution of organic compounds from vinyl-painted coupons was studied as a function of
temperature, aging, pH and radiation exposure. The dissolution rate constant was observed to
depend strongly on temperature, showing an Arrhenius temperature dependence with an activation
energy of 2.8 kcal^mol"1 (Figure 12). The pH of the water did not have a significant impact on the
dissolution process.
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Figure 10 - Dissolution of MIBK from Vinyl-Painted Coupons at pH 10 at Various Temperatures.
The curves are fits to the data using Equation (7) in the text.
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Figure 11 - Dissolution of MTBK from Vinyl-Painted Coupons at pH 10 and at Various
Temperatures. Compared with Figure 10, the dissolution data at each temperature are
normalized to the final MIBK concentration. The curves are fits to the normalized
data using Equation (7) in the text.
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Figure 12 - Arrhenius Plot for the Dissolution of MIBK in water at pH 10 from Vinyl-Painted
Coupons. The line shows the fit for an activation energy of 2.8 kcal'mol"1.

The maximum concentration of MIBK in the aqueous phase was found to depend only on the age of
the vinyl coating. The peak concentration was observed for a fresh coating. This concentration
decreased rapidly during the initial aging period followed by a slower decrease with further aging
(Figure 13). This supports the above mechanism if we assume that the initial MIBK concentration
within the coating surface controls the maximum MIBK concentration in solution and that the
MIBK content in the coating decreases with aging because of evaporative losses.

The effect of radiation on the dissolution of the organic compounds was small, although radiation
rapidly decomposed the organic compounds that had been released into the aqueous phase. The
effect of radiation was studied by irradiating test cells containing vinyl-painted coupons immersed
in water. A period of irradiation following a period of dissolution was found to increase
significantly the gas-phase concentrations of acetaldehyde, acetone and MEK, and reduce the
concentration of MIBK. Twenty-four hours of irradiation at a dose rate of 0.36 kGy^h1 was
sufficient to completely decompose the MIBK in solution for all the tests with vinyl-painted
coupons. The HPLC analyses of the aqueous phase also showed significant increases in the
concentrations of formaldehyde, acetaldehyde and acetone, along with a decrease in the
concentration of MIBK. The formation of 3-hydroxy methyl-ethyl-ketone (3-OH-MEK) was also
observed. Formaldehyde and 3-OH-MEK were not detected in the gas phase, presumable because
of their large partition coefficients. Toluene and xylene were not found, likely because they
decomposed to phenol derivatives (and further to organic acids to a small extent), which are
involatile and difficult to detect by conventional GC techniques.
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Figure 13 - The Maximum MIBK Concentration Released from Vinyl-Painted Coupons into Water
as a Function of Pre-Aging of the Painted Coupons

The changes in solution and gas-phase chemistry with irradiation can be attributed to radiolytic
decomposition of the MIBK in solution. This has been confirmed by independent irradiation tests
of aqueous solutions containing MIBK. The radiolysis of aqueous solutions containing various
concentrations of MIBK was studied at initial pH values of 10 and 5. The organic compounds
observed in the radiolysis of MIBK solutions behave similarly to those observed in the tests with the
vinyl coupons irradiated following dissolution. Moreover, the concentrations of radiolysis products
of the organic compounds found after irradiation, following different periods of dissolution, closely
correspond to the concentrations expected from irradiation of aqueous solutions containing the
quantities of MIBK and MEK that would be expected to be present in solution after the dissolution
period.

These results suggest that (1) the radiolysis of organic compounds from paint coatings will occur
primarily in the aqueous phase and not on the surface, and (2) the dissolution of organic compounds
from the surface paint into the aqueous phase is the rate-determining step that controls the change in
pH arising from organic radiolysis.

The dissolution of MIBK, xylene and toluene following a period of irradiation was found to be very
similar to the behaviour observed in non-irradiated tests. The release of MIBK following a period
of irradiation appeared to have the same dissolution rate constant, but the concentration in solution
was smaller. That is, the aqueous phase concentration of MIBK observed following the termination
of irradiation was reproduced using Equation (7) with the same k as, but with a smaller
[MIBK(ab)]o than, those obtained in non-irradiated tests. The organic compounds released during
the irradiation periods reduces [MffiK(ab)]0 available for subsequent dissolution. In addition, once



341

released into the aqueous phase, organic compounds rapidly decompose, resulting in their aqueous
phase concentrations being negligible. From this we conclude that irradiation (at the doses and dose
rates used here) does not have a significant impact on the chemistry of the paint coating per se,
although it decomposes the organic solvents that have been released to solution, affecting their
concentrations observed in the aqueous and gas phases.

3.5 Surface Adsorption

The RTF tests have also shown that organic-painted surfaces have large adsorption capacities for
iodine in the gas phase (Table 2). With the exception of the tests conducted with zinc-primer and
vinyl paints in the absence of radiation, gas-phase surfaces have shown larger adsorption capacities
for iodine than aqueous-phase surfaces. It also appears that the fraction of the total iodine deposited
on the gas-phase surfaces increases with an increase in the iodine concentration in the gas phase.
Organic surfaces in the gas phase have similar overall adsorption capacities for iodine to bare
stainless steel surfaces.

Table 2. Effect Of Surfaces On Iodine Volatility*

Radiation
Field

Yes

No

Yes

Yes

Yes

Yes

No

Yes

Yes

No

Vessel
Surface

Vinyl

Vinyl

Polyurethane

Epoxy

Vinyl (at pH 10)

Stainless Steel

Zinc Primer

Zinc Primer

Concrete

Concrete

Maximum Gas-Phase
Iodine Concentration
mol#dm'3

8 x 10'9

4 x 1 0 "

3xl0"9

7xlO"9

2 x 10"'°

6x10"'°

1 x Iff10

3x10'°

1 x 1012

3 x 1012

% Iodine
Lost to
Surface

78

12

92

87

5

86

82

79

45

12

Predominant
Loading Surface

gas

aqueous

gas

gas

gas

gas

aqueous

aqueous

gas

aqueous

The surface areas in contact with the gas and aqueous phases (220 and 52 dm2, respectively) and
the gas-aqueous interfacial area (37 dm2) and the gas and aqueous volumes (315 and 25 dm3,
respectively) were the same for all the tests.
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The following model has been proposed for iodine deposition on painted surfaces:

where fl2]g and [I2 ]s are the molecular iodine concentrations in the gas phase (mol«dm'3) and on the
surface (mol«dm"2), respectively, kA(j is the adsorption rate coefficient (dings'1), k ^ is the

1 2 3desorption 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).

Many RTF and bench-scale studies were used to develop this model and to obtain the adsorption
and desorption rate constants and adsorption capacity. A good fit is obtained using this model for a
variety of tests with a variety of surfaces. These modelling results are presented elsewhere in this
conference proceedings [2].

4. SUMMARY

A comprehensive research program is being conducted at the Whiteshell Laboratories of AECL to
study the influence of the chemistry of painted surfaces on iodine volatility under postulated reactor
accident conditions. The studies involve model development, bench-scale separate effects tests and
intermediate-scale integrated experiments on organic compound dissolution and radiolysis, and
iodine surface adsorption and desorption phenomena.

The studies have shown that organic impurities will be found in containment water, arising from the
dissolution of organic compounds from various surface paints and that these compounds can
potentially have a significant impact on iodine volatility following an accident. The main impact of
surface paints will occur through aqueous-phase reactions of the organic compounds released from
the paint. Under the radiation conditions expected during an accident, these compounds will react
to reduce the pH and dissolved oxygen concentration, consequently increasing the formation of h
from F that is present in the sump. It appears that the rates of these processes may be controlled by
the dissolution kinetics of the organic compounds from the surface coatings. Moreover, the organic
compounds may also react thermally and radiolytically with I2 to form organic iodides. Our studies
have shown that the formation of organic iodides from soluble organics, such as ketones, alcohols
and phenols, may have more impact on the total iodine volatility than the formation of CH3I.
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