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ABSTRACT

A wide variety of organic materials will be present in containment
following a light-water reactor accident. Organic iodides can be produced
by the reaction of fission product iodine with these organic materials.
This report emphasizes the importance of free radicals and radiation in
leading to the formation of organic iodide. The ultimate aim is a descrip-
tion of the rate of formation and removal of organic iodide, within the time

span of a core heatup event, that can be used in a model of. iodine behavior
in containment.
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ORGANIC IODIDE FORMATION FOLLOWING NUCLEAR REACTOR ACCIDENTS
,

E. C. Beahm
W. E. Shockley

.

O. L. Culberson

1. EXECUTIVE SUMMARY

Inorganic iodide species can react with a wide variety of organic
compounds to produce organic iodides. In addition to straightforward
reaction of organic compounds and iodine species, radiation in contain-
ment could bring about free radical reactions not otherwise possible.
Despite several reviews of this subject within the last 15 years, the
sources and rates of organic iodide production are not well character-
ized. The state of knowledge is especially poor with respect to the
formation rate within the time span of a core heatup event.

The reactions to form or decompose organic iodides are best viewed
as a dynamic system in which iodine species enter containment and inter-
act with a complex gas mixture with transport to and from surfaces and
aqueous solution. Three approaches for evaluating the chemistry of this
dynamic system can be suggested: (1) calculational studies of gas phase
and gas phase / aqueous solution reactions, (2) laboratory-scale experi-
ments, and (3) large-scale containment tests.

Tne formation of organic iodides may be limited by the amount or the
*

chemical form of the organic compounds. The lower limit of organic com-
pounds is set by the normal background of hydrocarbons in air, 5 x 10-8
to 1 x 10-7 mol/L. The maximum concentration will be set by the inter-~

action of radiation with organic materials in containment. An organic
gas concentration of ~2 orders of magnitude above normal background can
be attained I h af ter a light-water reactor accident.

A review of a number of large-scale containment tests shows that the
total concentration of organic iodide formed tended to be relatively

insensitive to the concentration of iodine released. The tests run with
irradiated fuel gave higher percentage conversion to organic iodide than
simulant tests.

The rate of formation and removal of organic iodide can be expressed
by the equations .

= a (C* - C) - QC ,
.

where

C = concentration of organic iodide at time t,-

C* = equilibrium concentration of organic iodide,
Q = a constant for renoval of organic iodide,
a = organic iodide formation constant (s-1).

1
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Evaluation of a and C*, based on data in the literature, indicates that .

both constants could be in a range where the upper limit is a factor of
~60 times the lower limit. This wide range is due in part to the simpli-
fication that relates organic iodide only to the iodine (1 ) release con-2 .

centration.

The organic iodide program at Odc Ridge National Laboratory includes
both calculation of equilibria accompanied by the absorption of radiation
and an experimental program to examine both formation and removal of
organic iodides.

2. REVIEW

2.1 INTRODUCTION

Inorganic iodine species can react with a wide variety of organic
compounds to produce organic iodides. The types of organic compounds
susceptible to reaction with iodine species include (reacting iodine
species shown in brackets): alkenes [1 , HI); alkynes [I , HI]; alcohols22
[HI); ethers (HI]; methyl ketones [01-]; amines [HI); diazonium compounds
(K1]; and aniline (1 )=2

In addition to direct reactions of organic compounds and iodine
species, radiation in the containment building could bring about reac-
tions not otherwise possible. Free radicals, atoms or groups of atoms

,

that are quite reactive due to an unpaired electron, can form when radia-
tion interacts with many types of molecules. Iodine is a very ef fective
scavenger of free radicals to the degree that it is used to measure the ,

extent of free radical formation in studies of the irradiation of organic
compounds. The products of iodine reacting with organic free radicals
are organic iodides.

Such an array of possible reactions leading to the formation of
organic iodides should make one cautious in assigning a simple reaction
mechanism. Clearly, there is more involved than the reaction of methane
with elemental iodine (1 )=2

Reactions to form organic iodides can be both beneficial and detri-
mental. The resulting iodine compound could be immobilized or it could
form a penetrating volatile organic compound. In fact, both processes
may occur simultaneously with a given source of organic material. Thus,
for example, Rosenburg et al.1 reported that an epoxy-based coating

2 of 12 at 90*C.Amercoat 66 (used on drywell walls) sorbed 3.3 mg/cm
Under similar conditions, at 100*C with the same coating, Bennett et al.2
clearly show that methyl iodide and ethyl iodide are produced when 12 is a

introduced into the system.

Both gas phase reactions and surf ace reactions may contribute to the -

formation of organic iodides. A review report by Postma and Zavadoski3
cites gas phase reactions under the influence of radiation as the Prin-
cipal source of organic iodides. Alternatively, Durant et al." considered
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:

a two-step reaction process where the first stage of the reaction is the,

addition of 12 to reactive groups on the coating surf ace, which is then
followed by the formation of low-molecular weight organic iodine com-

- pounds. Thus, it may not be prudent at this time to assign a single
source when there exists such a large number of possible reaction types,
sites, and conditions. It may be more important to stress the dynamic
nature of reactions involving organic iodine. Thus, we may expect a
dynamic interaction between sorption and desorption of iodine species,
desorption of organic species prior to reaction with iodine, radiation-
induced formation and decomposition of organic compounds, and organic
compounds containing iodine, as well as interaction with water pools. We
may cite the interaction with water pools. For each 12 converted to an
organic iodide, an equal amount of 12 would be delivered to the contain-
ment atmosphere from the sump as long as the aqueous 12 concentration is
high enough to maintain the equilibria. On the other hand, organic
iodides may drolyze in water to form alcohols and 1. For example,
Lemire et al. report that for pH = 10 and T = 80*C, 43% of the initial
methyl iodide in water remains af ter 1 h for an initial concentration of
10-6 mol/t,

Despite several reviews of this subject within the last 15 years,
the sources and rates of organic iodide production in containment are not
well characterized. The state of knowledge is especially poor with
respect to estimation of formation rate within the time span of a core
heatup event. According to Postma and Zavadoski,3 the steady state level

'

of organic iodide produced in ~70 containment tests may be predicted f rom:

percent organic iodide formation = 0.188 x C -0.26 (g)H ,
,

3where Cg is the iodine concentration as 12 in the vapor in terms of mg/m .
Equation (1) represents a mean with data scatter about a factor of 15
above and below the mean. When radiation effects are included, the uncer-<

"'
tainties can be even greater.

In the present examination of the chemistry of organic iodide forma-
tion in containment, we describe reactions of organic compounds with,

iodine in the next section (Sect. 3). In Sect. 4, the types of organic
material in containment are discussed, followed by a short critique of
large-scale tests of organic iodide formation, and a concluding discus-
sion.

,

3. REACTION OF ORGANIC COMPOUNDS WITH IODINE

3.1 GAS PHASE REACTIONS
.

The chemical system of interest for the formation of organic lodides
in containment includes the fission product material released from the
primary system, steam, liquid water, air, organic material, and metal and,

concrete surfaces. These materials will be reacting in a radiation field
of variable intensity. Postma and Zavadoski 3 calculated a dose rate of

___
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1.6 x 106 rad /h Lunediately following a light-water reactor (LWR) acci-
*

dent, assuming 100% release of noble gases and a 25% release of iodine in
a volume of 2 x 106 .3 Af ter 1 d, the calculated dose rate decreased to
1.7 x 10 . rad /h. In another series of dose rate calculations, Bonsan and5 .

Lurie6 calculated a gamma dose rate of 4.99 x 106 rad /h af ter 1 h and
4 3 containment1.699 x 106 rad /h after 1 d at midradius of a 6.28 x 10 -m

vessel.

Table 1 presents a list of gaseous chemical species that may be part
of the chemical reactions leading to the formation of organic iodides.
Only gaseous species and carbon species that contain one or two carbon
atoes and have thermodynamic properties readily available are included.
In an accident situation, nony of these species will be present in very
small amounts, but it may be possible to conceive of additional species
that should be included. The organic iodide species, along with 12 and
HI, are likely to be the principal gaseous iodine chemical forms. It is
somewhat uncertain what amounts of the remaining todine species (I, HOI,
NOI,10. CNI, C01 ) may be present, but it would be surprising if they2

. attained concentrations comparable to the first five lodine species given
in the table.

Table 1. Gaseous species list

*

CH 1 CH O NO33 2
CH1 HC0 NO225

N0CH0CH 122 224 '

CH 00 NO12 2

HI HCOOH CN

CH C00H HCNI 3
CH CH 0H- CN2HOI 3 2

CN22NOI CO2
10 CO CNO

H022 CHNOCNI
CH N02H02COI2 3

CH NO3HOCHg 32
N HgCH3 OH 2

NH2203CH2
CH 02 NH3
CH 0 NH22

CH22 HNO NH

C Hg HNO2 N3
'

2

CH25 HNO3 N2;

N02$ NCH26 .

N 0g H2CH 0H'
23

N023 HCH 003
CH 00H;

,

3

f

I
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The nitrogen compounds in the tabic would arise from the interaction
'

of radiation with N2 gas in air. Harteck and Dondes7 report the forma-
tion of nitrogen oxides and ozone when mixtures of oxygen and nitrogen
are irradiated. In the presence of steam and/or liquid water, nitrogen

~ compounds containing hydrogen can form. For example, nitric acid,itNO ,3
can be produced by the irradiation of moist air in suf ficient quantity to
lower the pH of droplets produced by condensing steam or of sump water. ,

Linacre and Marsha report a G value [ defined as the number of molecules
produced (or decomposed) per 100 eV absorbed), C(NO -), of 2.2 for the3
irradiation of water vapor + air.

There are a number of free radicals in the species list given in
Table 1: CH , CH , C H , I, H, 0, N, OH, H0 , and CH 00. Free radicals3 2 2S 2 3

react readily with each other or with a number of other species called
free radical scavengers. In this system, prominent radical scavengers
include I , 0 , and NO. Thus, there will be a competition among the2 2
radical scavengers for the free radicals. These free radical reactions
could be quite important in determining the amount of organic iodine in
containment atmosphere. The scavenging reactions can be written as:

R' + 12 + RI + 1 , (2)

R' + O2 + ROO , and (3)

R* + NO + RNO , (4)
.

where R = an organic group.

The result of reaction (2) is the formation of an organic iodide.*

The extent that reaction (2) can occur depends on the amount of organic
radicals present, the amount of 12 present, and the removal of organic
f ree radicals by other reactions such as those shown by reactions (3) and
(4). The competition between radical scavengers does not bear a simple
relationship to the relative amounts of the scavengers. Fuldiak9 reports
that the competition of two radical scavengers, 12 and galvinoxyl, cannot
be accounted for in terms of data from systems containing each scavenger
separately.

Barnes et al.10 have performed equilibrium calculations of the reac-
tion of methane with 1 . The calculations were based on a system com-2

OI 1, H , 0 , CO, Cili,, 01 0, andposed of H 0, CO2, HI, N , CH 0H, 1 e2 3 2 3 2 2 22
solid carbon over a temperature range from 300 to 1000 K. The total

iodine concentration was varied frum 4 x 10-12 to 4 x 10-6 R-at./ L in a
mixture of steam and air. The highest f raction of methyl iodide (C11 1)3

was calculated when only steam was present. Ilowever, in all cases, the,

calculated amounts of CH 1 were >2 orders of magnitude below those deter-3
mined experimentally (see Sect. 5). From the comparison of equilibrium
calculations and experimental measurements, Barnes et al.10 concluded

,

that experimental values represented nonequilibrium conditions produced
at higher temperatures and "f rozen" in at lower temperatures. Iloweve r ,
chemical kinetics calculations of the system of reactions (5) to (8),
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CH3+12 y CH 1 + 1 , (5)3

.

bCHg + 2I CH 1 + HI , (6)3

A
1 2 + M g I + 1 + M , and (7)

b
CH3 + 1 g CH 1 , (8)3

(M = an inert molecule) did not show a significant amount above the
equilibrium values.

The discrepancy between calculated amounts of CH 1 and experimental3
data indicates that important factors were not included in the calcula-
tional parameters. The list of species in the calculations of Barnes
et al.10 included only 13 items, compared to over 60 species cited in
Table 1. Also, radiation effects were not included in these calcula-
tions. A program is now underway at Ook Ridge National Laboratory (ORNL)
to use the SOLGASMIX equilibrium computer routine with the species listed
in Table 1 and absorption of radiation.

.

The importance of free radical reactions leading to the formation of
organic iodides cannot be overstated. Organic molecules readily form .

free radicals as a result of normal aging, from thermal degradation, or
by irradiation. Free radicals are produced by dissociation, ion-molecular
reactions, or neutralization, as shown:

dissociation,

R-R1 + R* + R + ; (9)l

ion molecule reaction.

R02 + Q+Z + Q+(8+I) + RO* + OH ; and (10)

neutralization.

R0+ + RD + 2RO' (11),

where R. R1 are organic groups, and Q represents a metal. *

Nakashima and Tachikawall have cited the importance of free radical-
iodine react'es in an experimental study of the reaction of iodine with

*

_

_ _ _ _ , _ _ _ _ _ _ _ _ , . _ . . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ ,
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propane (C H ). These tests were conducted in a quartz tube with a38
carrier gas of either oxygen or helium at temperatures between 523 and-

773 K. Note that these temperatures exceed those expected in containment
after a nuclear reactor accident. At 558 K with 02 carrier gas, the
yield of organic iodides (CH 1, C H 1,1-C H 1, n-C H 1) was 8% of the*

3 25 37 37
total iodine, and at 756 K, the organic iodide yield was 90%. The
increase in organic iodide yield at higher temperatures was attributed to
the competition of oxygen and iodine for the organic free radicals. At
the higher temperature, thermal decomposition of the oxygenated radicals
could regenerate the organic free radicals.

Gevantman and Williams 12 used iodine as a free radical scavenger in
a study of the radiolysis of methane. The principal radical products
detected were CH . (70% relative yield), CH + (8.5% relative yield),3 2
H+ (8.5% relative yield), and C H - (4.5% relative yicid). These prod-2S
ucts were detected as CH 1, CH I , HI, and C H I, respectively.3 22 25

Although they bear no simple relationship with system parameters,
such as concentration of reacting species, dose rate, or temperature, G
values are convenient measures of the effect of radiation. Postma and
Zavadoski3 used literature data to obtain a plot of G(CH 1) versus gas3
phase iodine concentration. They noted that G(CH 1) was higher for a3

methane-iodine mixture that did not contain water vapor and/or oxygen.
The G(CH 1) straight line curve that they obtained from mixtures of3
methane-iodine-water vapor and/or oxygen was td(en to be the upper limit
to G(CH 1). From this they calculated a conversion of 2.2% of I2 to CH 13 3.

at an iodine concentration of 100 mg/m3 and a total absotbed dose of
3.2 x 106 R.

.

The assumed straight-line relationship between G(CH 1) and iodine3
concentrations may be an oversimplification of a complex set of inter-
actions. Data published af ter the Postma and Zavadoski report indicate
t hat the complexity of the relationship between the gaseous components
air-water vapor-methane-iodine and G(CH I) values can be substantially-

3

greater.

Habersbergerova and Bartonica(13 e l4 studied radiation effects in the
methane-iodine-water vapor-air system. The methane and iodine concentra-
tions used in these studies weret methane, 2.1 x 10-8 mol/dm3 to
9.1 x 10-7 mol/dm ; iodine, 2.6 x 10-11 mol/dm3 to 7.4 x 10-8 mol/dm .3 3

The concentration of CHjI, initially rose to a maximum, then decreased to
a constant value with continuing irradiation. The constant value ranged
f rom 1.6% conversion up to 100%. In general, lower concentrations of

12 and CHg in the mixture gave a higher degree of conversion of 12 to
CH I. However, ao shown in Table 2, the conversion also depends on the3* relative amount of methane in the system. Table 2 also gives a compari-
son of G(CH 1) measured by Bartonicek and Habersbergeroval3 with values3
calculated using data from Postma and Zavadoski.3 Their first four tests

*

give results close to the calculated values, but the other three measure-
ments yield C values that are significantly greater than the calculations.

. . - - - . - - _ _ _ _ - . __ _ -_ __ _ _ - -_ . - .- _ - - _-_-_- _ . . _ - _ _ - -
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Comparison of. G(CH 1) frop measurements"Table 2. 3 .

and calculated valuesD
i

Concentration *

3(mol/da ) G(CH 1) a G(CH 1) I Of I2 converted3 3 besasured calculated to CH 1 seasured3
12 G4 x 103 x 103 values 4

7.4 x 10-s 5.4 x 10-7 1.3 1.0 4.7
i

7.8 x 10-9 3.4 x 10-7 4. 2 0.3 1.6

| 1.0 x 10-9 3.0 x 10-7 4. 2 0.3 8.5

2.6 x 10-11 3.5 x 10-7 4. 2 0.25 100.0

7.8 x 10-9 2.1 x 10-s 1.2 0.3 23.8

7.8 x 10-9 3.7 x 10-8 2.1 0.3 27.6

5.7 x 10-9 9.1 x 10-s 6.6 0.3 21.8

| aTaken from B. Bartonicet and A. Habersbergerova, " Radiation
i Chemistry of Methyl Iodide with Respect to Nuclear Power Plant Safety,"

.

| Jad. Eners. 3,181(1980).
b Taken from A. K. Postaa and R. W. Zavodoski, Review of Organic;

; Iodide Formation Under Accident Conditions in Water-cooled Reactors,
WASH-1233, Atomic Energy Coma., 1972.

|

Irradi.stion can lead to the forestion of CH I and also to its3
removal by decomposition and conversion to other products. This behavior
will lead to a not amount of CH 1 being formed that depends on system3
conditions. Values of percent 01 1 in Table 2 reflect the net amount.3

3.2 HETEROGENEOUS (CAS-SURFACE-AQUEOUS) REACTIONS

-Dynamic processes involved in the formation and removal of CH 1
3include interaction of gases with surfaces and liquid water. Durant et

al.4 have considered the formation of CH 1 on surfaces from a theoretical3
viewpoint, discounting radiation effects. The reaction mechanism that,

! was assumed is expressed by the equations: *

surface _
12c ' 21 , (12) *

| _ surface _

| 1 + CHg - '

CH * + HI , and (13)3

!

L.
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surface

Cll 1 + I . (14)CH + I2 -'

33

The overall equation for this mechanism can be written:
.

surface
CH 1 + 111 . (15)CHg + 12 : 3

Because of limited data for the rates of Eqs. (12) to (14), the
average rate of formation of CH 1 was reduced to an equation with an3

overall rate constant, k , and written as:g

A[CH 1] surface3

= k, [I ]su/2 (16)1
2 rface ,at

whe re

g, , = change in Cil 1 concentration on a surface.A[CH 1], 33

[11 surface " 2 concentration on surf ace,2

t = time.

They obtained estimated values of k, by examining large-scale tests of
organic iodide formation as given in the literature (see Sect. 5).

,

This approach is laudable in that it recognizes the importance of
evaluating the rate of formation of CH 1. Ilowever, it assigns the entire3,

rate to a simple surf ace mechanism, which is thea reduced to an equation
with a single constant. The omission of other chemical effects, for
example, reaction of gas species and radiation, limits the usefulness of
this analysis.

Surf ace reactions may play a role in the dynamics of organic iodide
formation and removal, but they are not likely to occur without inter-
action with species in the gas phase. Steel surfaces reportedly l5 have a
catalytic ef fect, under irradiation, on the amount of methane produced in
the reaction of carbon dioxide with hydrogen (see Sect. 4).

Liquid water, either as a surf ace film or in a pool or sump, could
play a key role in movement and removal of organic todides. Formation of
organic iodides in water pools is discussed in Sect. 6.2. Organte iodides

and 12 lydrolyze in water solution, as expressed by the overall reactionst

R1 + !! 0 * R0li + 111 , and (17)e 2

2 + 3I1 0 * 51 + 10 + 611+ . (18)31 2 3
.

The rate of hydrolysis will be dependent on pit, temperature, and con-
centration. Methyl fodide is more volatile than 1, the partition coef-2
ficient (defined as concentration of iodine specie in aqueous solution

_- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ -
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divided by concentration of iodine specie in gas) being ~3 for CH 1 and3

86 for 12 at 298 K. .

The relatively low partition coefficient for 01 1 can lead to its3
transport from the aqueous phase. The transport of organic iodide to -

and from aqueous pools can be examined using standard mass transport
equations. Following Liss and Slater 16 the organic gas exchange between
water and air is described as a two-layer film system. The main body of
water and gas is assumed to be mixed, and the main resistance to gas
transport comes from the gas and liquid interfacial layers. The rate of
mass transfer can be expressed in terms of the mass transfer coefficient

for the gas film, k , and the mass transfer coefficient for the liquidg
film, kg. The overall coef ficient, on a liquid phase basis, is given by:

I PCO

.I _ = G + k
(gg),

Kg g

where

Kg = the overall liquid coefficient, s/s,
kg = mass transfer coefficient for the aqueous film, m/s,
kg = mass transfer coefficient for the gas film, m/s,
PCO = the partition coefficient for the vaporizing species, CH 1 or3

12 (concentration in aquous phase / concentration in gas phase).
.

The mass flux across the gas-liquid phase boundary can be expressed as

Ji = Kg(i) [Cig - Cgg * PCy) , (20)
'

where

Ji = the mass flux of species 1, mol/m2 ,,
3Cig = aqueous concentration of species 1, mol/m ,

Cgg = gas concentration of species.

The mass flux equation can be integrated, if it is assumed that there is
no other method of loss, to give r

dCig
= -K1g (C1g - Cgt * PCy)/L , (21)dc

where L is the depth of the pool, m, and
.

Cig = Cgt * PCy + (Cly - Cgg * PCy) exp(-K1g/L) (22).

If the concentration in the gas is negligibly low, then
.

Cig = C10 exp[-K1g/1] . (23)
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i The half-life, t / 2, for organic iodide vaporization may be defined as1
* the time necessary for the aqueous concentration to drop to one-half its

! original value by vaporization. Thus,

[
' ~

0.693 + L (24) '

t /2 " gig
*

1

Using the method of Lisa and Slater.16 we calculate for 01 1:
3

K1(CH 1) = 3.00 x 10-5 m/s . (25)3
l

This gives

t / 2(Cil 1) = 2.3 x 104 *L. (26)| 1 3

From Eq. (24), a pool 1 m in depth would require 2.3 x 104 s (6.4 h) to
; vaporize one-half of its 01 1.3

Radiation produces water radiolysis products, such as Oil,11022 IIe
and eaq , which can react with dissolved iodine species. These inter-

-

actions are pli dependent. At a pil <7.0,17 iodide ions. I , can be con-
verted into 1 . A pil ef feet is also likely when organic iodide solutions2
are irradiated. Habersbergerova and Sistek I8 report that the irradiation

10-'' s Cil 1 borated (0.28 m 11 B03+| of solutions containing 0.1-1.8 x
3 3

| 0.153 m Nacil) at pil 9.5 produced a decrease in the concentration of Cil 1
3and the formation of I . At a dose of 104 rad, the 01 I was quantita-.

3
tively transformed into I. Shankar et al.19 detected 12 IG(1 ) = 2.05]2
instead of I when 0.1 m 01 1 solutions at pli 6 were irradiated. This3

result is consistent with the observation that I can be converted to-

12 unde: irradiation at pil <7.

3.3 ORGANIC TELLURIUM COMPOUNDS

Inorganic tellurium, in the form of Te, alkali metal tellurides, or
tellurium halides, can react with a variety of organic compounds. In;

! general, these reactions are not as well studied as those leading to the
I formation of organic iodides. Elemental tellurium reacts with organic

halide compounds to produce tellurides and can also replace hydrogen or
| S02 groups in organic compounds.20 In addition.20 deposits of elemental

tellurium were reportedly removed by reactions with organic free radicals
generated by the decomposition of a host of organic speelen, including
methane, butane, acetone and several other ketones, diethyl ether, and
benzophenone. As noted in Sect. 3.1, free radicals in a radiation tield

i can form from neutral molecules. The volattitty of organic tellurium
| compounds varies with molecular size and structure. Dimethyl telluride,

( (CH )2 Te, has a boiling point of 94*C at a pressure of 0.103 HPa3

| (770 torr), and diethyl telluride (C1101 )2 Te, has a normal boiling3 2
point of 137-138'C.20'

,

L
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The process of beta decay of atoms contained in various types of
,

organic molecular systems can lead to the formation of organic species
,

containing the daughter element. The recoil energy of beta release may !
lead to the formation of fragment molecules, or it may be absorbed by the , ,

parent molecule and its surroundings. Organic tellurium compounds have
been formed by decay of organic 125Sb molecules.21

An interesting corollary to the radiogenesis of organic tellurium
compounds is the beta decay of organic tellurium compounds to form
organic iodides. Thus, Llabador and Adloff22 report that diphenyl 132Te,
(C H )2 132Te, and dibutyl 132Te (CgHg)2 132|' Te$2 , produced significant65

32 1 1quantities (>30% yield) of C H65 1 and CgH9

3.4 SUMMARY OF REACTION OF ORGANIC COMPOUNDS WITH IODINE,

] The reactions that were emphastred in this section involved free
radicals and radiation ef fects. The importance of free radicals in the

; formation of organic todides is not a new idea. More than 20 years ago,
Atkins and Eggleton23 suggested that organic free radicals reacting with i

iodine were the source of organic todides in the DIDO and PLUTO reactor
j shells.

The reactions to form or decompose organic todiden are best viewed
as a dynamic system in which todine species enter containment and inter-i

act with a complex gas mixture (Table 1), with transport to and from sur-<

f aces and aqueous solution where further reactions may occur. Three *

7approaches for evaluating the chemistry of this dynamic system can be |
suggested. The first approach involves calculational studies of gas
phase reactions and reactions involving the gas phase and aqueous solu- I

*

tion. These calculations would need to include the species listed in !

Table 1 plus absorption of radiation. This type of emiculation is under-
,

way at ORNL and is discussed in Sect. 6. '

The second type of study includes laboratory-scale experiments to
evaluate the rate of formation and decomposition of organic todides under
reactor accident conditions. The work of Habersbergerova and

j Bartonicek,13.14 cited above, is an example of this type of study. Work I

| of this type is also underway at ORNL (see Sect. 6).
,

The third type of study involves the release of iodine into large
|vessels. These experiments are considered in Sect. 5.4

4 ORGANIC MATERIAL IN CONTAINMENT

A wide variety of organic materials will be present in reacto" con- *

tainment. In this section, we consider materials such as coatings, oils,
seals, and plastics. Emphasis will be placed on the degradation of these
materials by radiation and the resultant formation of vapors and free -

rad icals .
I

1

1 I

- _ _ ___ _ ____ _ __ -_ _ -_ -_ _ _ _ ___ ____ _ __ _ _ ___ _ _ ____ ____.
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It should be borne in mind, however, that the organic species pro-
duced by materials in containment or in the reactor vessel will be an*

addition to the ambient concentration of lydrocarbons. The worldwide
background methane concentration is 870 pg/m3 (5.4 x 10-8 mol/L), and the

3background of larger hydrocarbons is 160 pg/m .24 In addition, urban air
contains several hundred micrograms per cubic meter of " natural gas"
methane that must be included in the worldwide background. Thus, we must
expect a background in containment of methane and higher hydrocarbons of
~5 x 10-8 to 1 x 10-7 mol/L.

We may note that the background amount for hydrocarbons is within
the range of methane concentrations used in the study of Habersbergerova
and Bartonicac 13*14 as cited in the previous section. It is well to
observe that these investigators detected a significant 12 to CH 1 con-3

version with these methane concentrations.

4.1 PAINTS AND 00ATINGS IN CONTAINHENT

4.1.1 TVpes of Organic Compounds

The types of organic compounds in paint coatings vary with the type
and manufacturer of the paint. Table 3 lists the types of organic com-
pounds evaporated from two types of paint. 25 showing that a wide variety
of organic compounds may be present. These compounds could include
saturated hydrocarbons, unsaturated tydrocarbons, carbonyle, esters,
aromatics, or amines..

j

Table 3. Organic compounds evaporated from paints-

Enamel surf ace coating Modified acrylic, polyester enamel

Chemical name Wt 1 Chemical name Wt %

Hineral sprits (alkanes) 67.7 Neptha 12.4

1somers of xylene 4.0 Toluene 4.8
Toluene 3.2 Methyl ethyl ketone 41.24

Acetone 6.3 Butyl cellulose 31.00

Methyl ethyl ketone 6.8 Isobutyl acetate 12.92

Methyl isobutyt ketone 2.7

Methyl alcohol 0.7.

Ethyl alcohol 0.5
Isopropyl alcohot 1.9*

N-butyl alcohol 2.8

Ethyl acetate 0.3

1
,

|

t

_ _ _ _ _ . _ - - _ _ _ _ _ _ - - - _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _
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4.1.2 Reaction of Paints with Iodine |
,

Bennett et al.2 have studied the formation of organic iodides that
result from the reaction of iodir.e (1 ) vapor with organic paint coatings2 ,

in the absence of radiation. They used Amercoat 66 (epoxy-based) and
Phenotine 302 (phenotic-based) paints. Methyl iodido and larger alkane
iodides were detected with a gas chromatograph. The yield of organic
iodides increased as the temperature of the reaction system increased.
The organic iodide concentration was ~10 times higher at 150*C than at
100'C and ~100 times higher at 250*C than at 100*C. The maximum conver-
sion was ~10~3%, and the yield of organic todide was not significantly
changed by the presence of water vapor or hydrogen.

The initial 12 concentrations in these experiments were varied from
31 to 23 g/m . In accident situations, the air concentrations of 12 are

expected to be several orders of magnitude smaller. However, Bennett
et al. expect relatively more organic material to be present in reactor
containment than in their experimental tests.

In addition to organic iodides, hydrocarbon compounds were detected
in this study. A test simulating an aged coating was conducted with a
coating that was heated to 100'C in flowing nitrogen for 1 week. The
CHj! was not significantly reduced, but the amount of ethyl todide,
C H 1, decreased to their limit of detection. Bennett et al. suggest25
that this result indicates that most of the C H 1 comes from reaction25
with organte vapor, while CH 1 results from reaction with coating sur- *

3
faces.

1

One other interesting aspect of the Bennett studies should be noted. j'

in the tests with paint surfaces that were not eged, the amount of C H I25
was grester than or approximately equal to the amount of CHjl.

4.1.3 Organte Iodide Sorption or Desorption on Paint

Rosenberg et al.1 studied the sorption-desorption characteristics of
CH 1 on commercial coatings acrylic latex-base ( Amercoat 1756), vinyl-3

base (Amercoat 33HB), epoxy-base ( Amercoat 66), and phenolic-base
(phenotine 302) paints. Only the sorption and desorption of CH 1 were

3
considered, not its formation rate or mechanism. It was concluded that
none of the commercial coatings had any significant ef fect in reducing
airborne CH ! concentrations during a loss-of-coolant accident. Con-i

versely, some commercial coatings approach " perfect sink" characteristics
for 1 *2

4.1.4 Ef fect of Radiation on paint .

Sch6nbacher et al.26 studied the effects of radiation on a number of
commercial paint coatings. The basic effect of radiolysis in paint coat- -

ings is to break up the highly polymeric binders, resulting in changes in
the structure, oxidatien, embrittlement, blistering, and evolution af
gases. These studies found that the extent of radiation damage depended
only on the absorbed dose, not on the dose rate.

i

|

_ - - _ _ _ _ _ - _ - _ - - _ _ _ - _ _ _ _ _ __ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _
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!. Also, the extent of radiation dmange is quite variabic, depending on
P

pigments, additives, and the type of paint.26 Highly pigmented coatings |i

are generally more resistant to radiation than those containing lesser
amounts of pigments. Carbon black inhibits radiation damage, and tita- I{ *

i nium dioxide appears to accelerate damage. ;

The surface on which the coating is applied can influence the radia-4

tion stability of the coating. Degradation begins at lower doses for
; coatings on steel than coatings applied to asphalt.

; Radiation ef fects are usually reported in terms of darkening or
blistering of the coatings. The ef fects that are important to the for-
nation of organic iodides are likely to include the release of organic
vapors, the creation of chemically reactive surface sites, and the for-

|
mation of organic free radicals.

[
f

4.2 INSUI.ATION AND SEA 1.S

i lThe largest amount of organic material in containment occurs in
j cable insulation and jacketing.27 Other organic materials occur in ;

1 seals, gaskets, connectors, circuit boards, and lubricants. }
3 I

i Many of these materials are in the form of polymers, such as poly- J

ethylene, polyvinyl chloride, neoprene, and hypalon. The natural aging (
1 of these polymers will be accelerated by radiation. The combination of '

,

! aging and radiation damage will produce changes in polymer structure,
I gaseous products, and oxidation. Typical results for the irradiation of ;

polyethylene indicate the formation of peroxy radicals (ROO*) and the i.

i evolution of H , 00, and CO2 gases.2s Peroxy radicals result from the j2
reaction of oxygen (0 ) with organic free radicals. Since iodine is also

] 2
a good free radical scavenger, irradiation of organic polymers in the

,

!4

presence of both air and todine (1 ) vapor may yield organic lodides as |'
2

well as organic peroxides. [
, ;

The stability of a polymer to aging and radiation degradation depends |
j on its chemical structure. Aromatic polymers, such as polystyrene, tend !

f to be more stable in a radiation field, while Teflon and KEl.-F have very |

| poor resistance to radiation damage. Sisman et al.29 have described the
'

i relative radiation resistance of a large number of common polymers.

i

l 4.3 CAS PHASE PRODUCTION OF METHANE

Small amounts of methane may be produced in containment by the !;

radiation-induced reaction of CO2 with H . The overall reaction can be !2
*

; writtent ;

j CO2 + 4H2 = Oh, + 2H O . (27) :2

l
,

*

I In a severe accident, decomposition of concrete could produce addi-
tional CO , at temperatures >11M X,30 by the reactions |2

CACO 3 + Ca0 + CO2* (28) I

I !

t

I

!

_
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Air contains 4.05 we % CO . Studies of the coolant composition of2 ,

advanced gas-cooled reactors (AGRs) have shown that a steady-state
methane concentration is attained by the introduction of lydrogen or
methane into the CO2 coolant.15 The presence of mild steel in the .

system gave a significant increase in the steady-state level of methane.
The steady-state concentrations of methane in these tests ranged up to
400 volumes per million.

It is dif ficult to convert results f rom AGR coolant to conditions
that might exist in containment. The coolant tests were run with CO2 gas
that contained additional 11. Olg, or CD in the rangen of (1000 ppe. In2
containment, the level of hydrogen could be approximately the same or
even greater than the level of carbon dioxide.

4.4 ORGANIC MATERIAL IN PRIMARY SYSTEM

4.4.1 Carbon Impurities in Fuel

' Uranium oxide (UO ) or uranium alloy used as fuel in nuclear reactors2
contains trace amounts of uranium carbide and uranium hydride impurities."
These impurities could produce small amounts of organic. compounds inside
the fuel. In uranium oxide analyzed at Savannah River.4 the hydrogen
content averaged 4.5 ppe by weight and the carbon, 500 ppe. If all the
hydrogen reacted, 2 ppe methane would form ast

j C + 2112 # 01 (29)
*

4 .

Hethane measured in fission gases at the Savannah River plant, averaged
.

0.02 cab per kg U02 (0.014 ppe by weight). This work deoanstrated that ,

| f ar less than the maximum 2 ppa sethane was formed.

| The small amount of methane that formed could react with fission
| product todine to form Ch 1 inside the fuel.3

| The Savannah River study also evaluated the maximum amount of iodine
that could theoretically be converted to 01 1. Based on total conversion3

of hydrogen to methane (2 ppm), they calculated the maximum % 12 inven-
tory converted to 01 1 to be 0.035. When the actual measured values of3

! methane were used in the calculation, the maximum % 12 inventory con-
verted to 01 1 decreased to 0.00067.3

4.4.2 ton-Exchange Resin
|

| Ion-exchange resins inay be degraded by radiation followingI a nuclear
i reactor accident. A compilation of experimental data by Wyant indicates *
I that quaternary seine-type exchangers are more susceptible to radiation
l damage than the sulfonic acid types, and the sulfonic acid types are more

susceptible than the phenotics. *

Bartonicek et al.12 studied the radiolysis of the amine-based resin
AV-17 x 8 ca. The resin was irradiated wet to doses up to 2.3 m 106 oy ,

__
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In the solution above the resin, trimethylamine [up to 0.19 mol/L (Cilj)3N],
- dimethylamine [up to 0.04 mol/L (Cil )2MI), methylamine (up to 0.0 mol/L3

Cll Nil ), and ammonia (<0.01 mol/L Nil ) were measured. Caseous radiolytic| 3 2 3

| products included hydrogen, methane, ethane, and unidentified C3 and Cg
[

hyd rocarbons. The concentration of methane above the aqueous solution was*

| 4 orders of magnitude higher than the average worldwide background of
5.4 x 10-8 mot /t,

4.4.3 Boron Carbide-Steam Reaction

Boiling-water reactor control rods contain ~1000 kg of boron carbide
(BgC). Some pressurized-water reactors (pWRs) also contain BgC control ,

'material. The bgg can be exposed to steam at temperatures >l400*C, the
.

melting point of its stainless steel containers. The reaction of bgg

| with steam can be described by the three reactions:
|
|

BgC + 711 0 = 2B 0j + CO + 7112, (30)2 2

bgg + 811 0 = 2B 02 3 + CO2 + 8112 , and (31)2

DgC + 611 0 = 2B 02 3 + Cll, + 4112 (32)2

The relative importance of these reactions depends upon the steam pres-
1

sure, the initial hydrogen pressure, the temperature, and reaction rates.
liigh lydrogen-to-steam (ll /Il 0) ration and low temperatures favor the2 2

i
formation of methane (Cilg), and low tydrogen-to-water ration f avor carbon.

dioxide (CO ) formation. Figure I shows calculated values of not Cllg2
produced as a function of temperature for three lydrogen-to-steam ratios

(ll /II 0). The mot Clig given are based on the BgC-steam reaction of the+ 2 2
entire boiling-water reactor (BWR) core inventory of boron carbide.
Reaction of lesser amounts of control rod material would be proportionally
lower.

The mol armounts of methane shown in Fig. I are the results of equi-
librium thermodynamic calculations without radiation. Radiation in the
reactor vessel would convert some of the methane to organte free radt-
cals, such as Cilj and Cll . The reaction of todine with organic f ree2
radicals was discussed in Sect. 3.

4.5 SUMMARY OF ORGANIC HATERIALS

The formation of organic todides may be limited by the amount or the
chemical form of the organic crwnpounds. The short review presented here
illustrated the wide variety of organic materials that are present in renc-

tor containment. The lower limit of organic comgounds is set by the normal,

background of tydrocarbons in air (i.e., 5 m 10" to I w 10-7 g-mo l / L) .
This background of organic species is composed largely of the naturated
hydrocarbons methane and ethane. Materials such as paints, seals, insula-,

tion, and ion-exchange resin could in, sources of many different types of
organic compounds. Radiolysis of these materials can produce organic com-
pounds and free radicals as degradation products.

- _ - _ - _ _ _ _ _ _ _ . - -
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| Wing 33 has performed a calculational study of the maount of organic
| gases generated from the postaccident radiolysis of organic m..terials in*

' containment. In these calculations it was assumed that the fission prod-
ucts remain airborne and are uniformly distributed in containment. The

' *
fission product inventory and radiation levels were taken from recent
reports on the best-estimate LOCA radiation signature.6 In one series of

I calculations based on the plant parameters of a BWR plant (containment
3volume 4.64 x 104' m ), Wing gave a maximum rate of organic gas generation

| of 4.8 x 10-1 mol/s at 2000 m after an accident. Figure 2 gives a plot

j of the cumulative buildup of organic gas concentration, due to radioly-
; sis, as a function of time after the accident. This figure was prepared
I by using data given by Wing 33 and assuming a total rotention of gan in a
| volume of 4.64 w 104 3 An organic gas concentration of ~2 orders ofm.

magnitude above ambient is indicated 1 h after the accident. For rom-

| parison, assume a hypothetical core in which the entit e core inventory of
3

| iodine was distributed in a volume of 4.64 = 104 m , giving an todine

| concentration of 3 x 10-6 g.mol/L. This simple analysis indicates that
| radiolysis of organic materials in containment could produce gas phase
l organic gas concentration that greatly exceeds the gas phase iodine con-

centration.

The atmosphere of the Three Mile Island Unit-2 (TM1-2) reactor
I building contained 0.069 mol % hydrocarbons 13 months after the accident

of March 28, 1979.34 This corresponds to a hydrocarbon concentration ofI

~3 x 10-5 mol/L. At
this time,1291/cmthe organic todido concentration was10-11 pCi or ~2.5 = 10-10 g 129 /L ,,measured as 3 to 4 x t.

i organic todido.

|
| 5. CONTAINMENT VESSEL EXPERIMENTS*

l

! 5.1 BACKGROUND OF TESTS

During the 1960s many large-scala experiments were carried out to

evaluatetheformationandremovaloforganiciodides. In 1972 a major
resiew of containment vessel experiments cataloged 69 separate tests.
The studies were carried out in vessels that ranged in stae from 0.2 m3
to 12,000 m3

In general, the tests were run by releasing iodine (1 ) or HI into2
the vessel and then evaluating the maount of 12 and organic iodide in the
gas. The designation of todine as inorganic or organic was based on the
part of the filter pack that trapped the iodine. The vessel atmosphere

! varied from ambient temperature air to a number of steam / air or steam /
' helium combinations.

*

5.2 OVERVIEW OF TEST RESULTS
|

l
Postma and Zavadosk1 3 derived an equation relating the percent.

organic iodide formed to the initial concentration of 1. The least2
squares fit of 69 experimente gave the equations

|

|

. _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _-_-_ __ ___
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| percent organic iodide formed = 0.188 x C,-0.26 (g),

,

3where q, is the concentration (mg/m ) of 12 in the vapor. The initial 12 f

| concentrations that were fit to this equation varied f rom 0.008 pg/m3 to
3237 mg/m . The data scatter for Eq. (1) was a factor of ~15.e

Postma and Zavadoski further note that a high percent conversion to
organic todides was obtained at lower concentrations and smaller vessel
sizes. j

l

| 5.3 DISCUSSION OF CONTAINMENT TESTS
l
l

| Examination of the data obtained in cont.tinment esperiments reveals '

| a broad scatter in the percent of iodine release that was converted to

| organic todide. This may be due, in part, to the dif ficulty in identify-

| ing and measuring extremely low todine concentrations. For example, in

| tests run by Hegaw and May,35 the percent conversion to organte lodide
corresponded to vapor phase iodine concentrations of 9 * 10-16 g.,g, g/ g,

'

to 2 x 10-13 g-a r . 1/ L . This gives todine species concentration as low
as $ = 108 molecules /L.

| In most tests, organic todides were identified by their position in
| the filter system. Thus, it was assumed that inorganic iodine was
'

removed by certain filters or carbon impregnated material. However,
Colline et al.36 have shown that the interpretation of the distribution
of iodine forms in terms of iodine activity on filter materials can lead,

to misclassification. Factors that can give errors in the interpretation I

include gas residence time in the individual components of the (11ter
pack, the total tise the gas is passed, the humidity of the gas, the,

amount of iodine presented to the carbon, and tie surface of the carbon
impregnated filter. These investigators have shown significant dif fer-
ences in the distribution of CHj! on May pack components by simply
changing the relative humidity of the gan. i

An additional factor in mont containment tests is the absence of
radiation levels that are espected in a severe accident. The observation
that high elemental iodine concentrations correlated with low percent con-
version to organic iodide may be due, in part, to chemical reactions that
are restricted by the amount of reactive organic compounds. As noted in
Sect. 4, radiation can degrade organic material and produce free radicals.
Thus, radiation enutd change f.he chemical interactions enough to give
rotatio1 ships of concentration of I; versus percent conversinn to organic
todide that are different from the untrradiated containment tests.

Tests involving irradiated fuct tend to show a higher percentage of ,

the iodine released converted to organic iodide. F.quation (33) gives a !' '

fit of seven experimente performed with irradiated fuelt 31-40 '

percent organic iodide = 1.89 * C,-0 18'

(33),
;

This equation has the marse form an Fa. (1), which was a fit by postma and
Zavadomki, of inth si.nulated iodine release and release f rom irradiated

|
_ _ _ _ _
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fuel. The percent organic todide given by Eq. (33) is ~1 order of magni- ;.

tude greater than the values given by Eq. (1). ;

In the first TREAT fuel rod failure experiment.37 6.7% of the lodine a

that lef t the primary vessel was organic iodide. In this test the TREAT
reactor reached a power of 30 MW at 8 s and was shut down at 28 s when the
cladding temperature was 965'C. Thun, fission product release occurred
under intense irradiation. The carrier gas was a mixture of steam and
helium.

In the second TREAT fuel rod failure experiment, a cladding tempera-
ture of 1316*C was reached, and 2.5% of the iodine carried out of the
primary vessel was organic iodide. Most of the organic todide was
believed to have formed between 1.5 min and 17.5 min af ter the start of
the test. It is interesting to observe that although the secand test
gave a 2.5% conversion to organic todide compared with 6.7% in the first
test, the total amount of organic todide formed was almost identical in
the two experiments.

Examination of experiment D-1 of the Containment Systems Experiment 41
indicates that organic todides build up rapidly af ter iodine release. In
this experiment, 43.17 g of todine, including 31 g of organic lodide,
was released into a 65-m3 vessel filled with air and steam, maintained at
122*C and 0.334 HPa (48.5 psia) by injection of steam. In addition to
elemental iodine and organic iodine, particulate lodine and unknown .

iodine forms were also present in the vessel. The documentation of this|

experiment by IU111ard and Coleman 1 includes data on the amounts of ele-4

! mental iodine, organic todide, particulate iodine, and unknown todine .

forms at 15, 30, 40, and 50 min af ter the start of the experiment.
Analysis of these data, using an iodine mass balance (see Fig. 3), shows
that a maximum amount of organic iodide occurs at ~2 min af ter the start
of the experiment. Also, the amount of elemental iodine decreases in
uniform manner after 2 min. The data used in Fig. 3 at times >15 min, as
well as the initial organic lodide concentration, were taken directly i
from the reported experimental results. The derived value for the ini-

tial amount of elemental lodine was obtained from the amount of todine
released less the amount of todine as organic iodide, particulate lodine,
and unidentified iodine forms.

,

It could be argued that the maximum in organic iodine early in the
experiment is due to production of organic iodide in the iodine release
apparatus used in the Containment Systems Experiment. However, the small
amount of organic todine at time sero and tests of the iodine release
apparatus reported in BNWL-100142 do not indiente that this is the source
of organic todide. Experiments of Megaw and May 15 and of Crof t and 11es%3 *

also show organic iodine levels that peak early in the tests.
*

In a series of tests in the Containment Research Installation.
Parker at al.** reported that a significant portion of the organic iodide
formed promptly at the start of the tests. However, plots of percent of

,

j inventory an organte iodide vs time (Fig.1,16. Parker et al.) gave an

;

k
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increase with time (positive slope) at times as great as 2000 min. In
these tests only the portion of iodine that desorbed from charcoat in n *

anist-air elution was identified as organic iodine. This method tends
to give lower values than those obtained by assigning all iodine on char-

'
coal as organic.

5.4 SUMMARY OF CONTAINMENT TESTS

The review of Postma and Zavadoski3 showed that low todine releases
resulted in relatively high percent conversion to organic iodide and high
todine releases correlated with low percent conversion to organic iodide.
This is the basis for the correlation given by Eq. (1). Stating this
observation in another way, we may say that the total concentration of
organic iodide formed tended to be relatively insensitive to the con-
centration of iodine released. This tendency is especially noticeable
when a given test series at a single facility is examined. For example,
the two TREAT experiments had release concentrations of 64 pg/m3 and
174 pg/m3 with a conversion to organic todide of 6.7% and 2.5%, respec-
tively.37 30 This resulted in 4.3 pg/m3 converted to organic iodide in
both tests. In another example, four teste by Parker and Martin in the
Containment Research Installation had 131 1 plus 1271 release con-

3 33 3centrations of 5 pg/m , i pg/m , 35 pg/m , and 125 pg/m , with percent
conversion to organic to lide of 0.8, 0.7, 0.3, and 0.03, respectively.45
The resultant conversiot to organic iodide was then 4.0 x 10-2 pg/m ,3

3.5 = 10-2 pg/m , 1.0 x 10-1 g/m , and 3.8 a 10-2 34/,1, respectively.3 3

.

The tests run witt irradiated fuel and its accompanying radiation
| gave higher percentage conversion to organic iodide than simulant tests.

This comparison is important because any conceivable accident would occur +

in the presence of radiation.

Examination of many of the containment teste shows that a substan-
tial proportion of the organic iodide formed within minutes of release.

The first sample of reactor building atmosphere followinh the acci-
dent at THI-2 was taken 75 h af ter shutdown. The reasured level of
todine (inorganic plus organic) at that time was 0.005% of the core
inventory.46 All measurements of TM1-2 reactor building iodine indicate
that the principal species wore organic. However, the long time interval
before the first sample prevents a definitive analysis of the mechanism
of formation or levels at shorter times.

6. CONCLUDING DISCUSSION

6.1 ASSESSMFNT OF ORGANIC IODIDE FORMATION RATE ,

The ultimate aim of studies of organte iodida formation in contain-
ment is a description of the amounts of organic lodido that can be ,

expected af ter an LWR accident. What is really neoded for this descrip-
tion are rates of formation and removal that can be used to express the
change of organic todido concentration with time. A suitable form for
thle is given by the equationi

i

I

_ _ . _ _ _ . _ . _ _ _ . _ _ _ _
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f=a(C*-C)-QC, (34)+

where.

C = concentration of organic iodide at time t.
C* = equilibrium concentration of organic todide.
Q = a constant for removal of organic iodide; this may include gas

flow to the off-gas treatment system or leakage,
a = organic todide formation constant (s-1).

Additional terms may be used to account for organic todida dissolved
in water, and the whole expression should be included in a series of dif-
ferential equations that accounts for inorganic as well as organic iodine
forms. The iodine transport and chemistry model " Impair," as developed
at KfK and modified at ORNL, has the proper structure for evaluating
organic and inorganic lodine concentrations.

; Two constants in Eq. (34) need further evaluation before calcula-
I tions of organic todide concentrations in containment can be performed.
| As noted in Sect. 5, the containment tests indicated that a large propor-

tion of the organic iodido formed in a matter of minutes. The formation
of organic todide, expressed as the first term on the right of L . (34),t
can be integrated to give t

C(t) = C*(1 - e-at) + C(0) e~St (35)*
'

.

if we assume that 99% of the value of C* is reached in a given time,
,

t, then

0.99=$1h1=1-eit (36),

C
,

when

t = 60 m (I min),1,a = 1.7 w 10-2 e-

and when

t = 3600 m (I h),

a = 1.3 = 10*3 s-1
|

As a preliminary estimate, a can be approximated as 1.3 = 10~3 < a <|
! 7.7 w 10-2,*

| Evaluation of C* la more dif ficult. Containment experimenta can be
i used as a guide, but there is a range of values for expressing C" values.*

Equations (1) and (33) Imve the forms

|

|
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% organic iodide '* a * (release concentration)b
.

a a*C b, (37)m

From this, C* can be expressed as: *

C* = g * C b+1 , (38)a

Postma and Zavadoskt3 ga se values of a = 0.188, b = -0.26 for 69 contain-
ment experiments. Equatton (33), based on seven experiments that used
irradiated fuel, gave a = 1.89, b = -0.18 In the review by Postma and
Zavadoski, they show a curve (Fig.13 in ref. 3) that represents the
maximum percent conversion to organic todides from containment experi-
ments plus radiolysis experiments. From this curve, we calculated
a = 11.5, b = -0.28. Use of these data gives C* that is a factor of 60
greater than the average value from the 69 containment tests. It may
seem prudent to use these constants as they give the greatest conversion
to organic todidas. Ilowever, these constants also indicate a 100% con-

| version to organte iodide when the. release concentration, C,, is
' (4.4 x 10~4 mg/m . Figure 4 shows values of C* plotted according to3

Eq. (38), with three different values for a and h.

This evaluation of a and C* indicates that, based on present data,
both constants could be in a range where the high value is a factor of
~60 times the low value. The wide range of organic todido concentration -

for a given release concentration, illustrated in Fig. 4, is due in part
to the simpitfication that relates organic lodide only to the iodine
release concentration. Other factors are likely to be important as well. -

In Sect. 5, examples were given that showed in nome test sortes there was
little or no dif ference in the concentration of organic iodide when the
amount of iodine released was varied. This indicates that other factors,
most likely the amount of organic mispounds amenable to reaction or the
chernical form of iodine, are important in determining the extent of reac-
tion.

In addition, accident conditions will involve circumstances and mate-
rials that cannot be duplicated in large containment tests. For example,
the lodine transport and release model IMPAIR allows for the formation of
stiver iodide as part of its iodine balance. In laboratory-scale experi-
ments at ORNL, we observed that the combination of silver and radiation
is very ef fective in converting either organic toding or inorgante lodine
into stiver iodide. For exaraple, a sample of i = 10** molar 01 1 in water3

containing7(~5ma suspension of aerosol material frors fission product releasetest HS-4 10*1 H in silver metal) wan irradiated to 1 Hrad in a
0.8 Hrad/h HCo gamma sIurce. As a result of the irradiation, 98% of the *

todine in the Olp was converted to silver iodide.
*

6.2 OACANIC IODIDE RESEARCll AT ORNI,

An experimental and calculational program has started rocently at
ORNL, aimed at obtaining data for improving the understanding and

m
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predictability or organic todides in containment. Three types of experi-
mental tests have been planned in this work to reflect three configura-
tions in containment that may lead to the formation of organic todides.
In the first series of tests, a selected gas mixture is bubbled through
a water solution of iodine species at a given pil with or without gamma '

irradiation. Results of these tests are subsequently described. The
second series of testa employs a quiescent water pool-eir combination,
and the third series will examine formation of organic todide in a dry
system. It may be noted that the containment vessel teste described in
Sect. 5 reflect largely the latter case of the formation of organic
lodide in the absence of water pools. In an actual LWR accident situa-
tion, organic todides could form in water pools as well. The tests
employing gas bubbling through a water pool represent the discharge of
fission products and organic gas (i.e. , methane) into a suppression pool
accompanied by radiation.

Organic todido formation processes are being studied in a glass
apparatus, as shown in Fig. 5. This system permits studies with dry gas
or an aqueous solution on the bench top or in a 0.8 Mrad /h 60 Co gamma
source. Gas mixtures are prepared with mass flowmeters and enter the
vessel through a glass frit. Ilooks are provided inside for hanging
coupons of painted surfaces or other organic material. Collector traps
(TENAX, Carbopack B coated with SP1000 and Ambersorb XE340) are placed at
the top of the vessel to retain organic todidos. After an experiment the
traps are removed and placed in a l'erkin-Elmer Sigma 1 gas chromatographic
system. The traps are then tested to 150'C in flowing inert gas to desorb .

the organic lodidas.

The gas chromatographic system has been calibrated to quantitatively -

determine 01 1 C il 1, and diodomethane, 01 1. The detection limit for3 2S 22
Ciljt and C il 1 is ~0.02 pg.25

Tables 4 and 5 give test results from experimente designed to exam-
ine the release of a gas containing organic material, methane, in a water
pool. The gas was carried into 150 mL of solution, at a flow rate of
1 L/h, through a glass frit that was located beneath the surf ace.

Several conclusions are readily apparent f rom these initial tests.
First, the formation of organic iodide was greatly enhanced by radiation.
In a test run using a solution of 2 = 10-4 M1 2 in pure water and
Ia 10-2 mo t Cllg , without radiation, the conversion to organic lodide was
<1 w 10~3 An identical test run with 1 Hrad irradiation resulted in a%

>20.7% conversion to organic lodido.

The results also show that 12 forms organic todido much mire readily
than does 1~. The percent conversion to organic lodido, as listed in

,

Table 4, for samples that initially contained I" is consistently less
than those given in Table 5 for samples of 13 The conversion to organic
iodide as a function of pil, as shown by the tmtton three town of Table 4,
also indicates that 1 2 is the species that is reacting to form organic
iodide. Iodide ions in solutions at pil ~<1 can twe converted to 12 in the

,
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Table 4. Organic iodide formation in an iodide system with irradiation in a
60Co gamma source (0.7 Mrad /h)

Test conditions % conversion of iodide ion to organic iodide
2x 10-4 M Cs1 and % of methane used to
1x 10-2 mol CHg Gas phase Aqueous phase Total form CH 13

Pure water. 1 Mrad 6.2 x 10-3 1.69 x 10-1 1.75 x 10-1 5.3 x 10-4
irradiation

Pure water. 4 Mrad 2.99 x 10-2 2.82 x 10-1 3.12 x 10-1 2.4 x 10-4
irradiation

2000 ppe borate pH 4.4 2.29 x 100 5.64 x 100 7.93 x 100 2.4 x 10-2
1 Mrad irradiation

2000 ppe borate pH 6.0 5.57 x 10-2 2.47 x 10-1 3.03 x 10-1 9,g , 10-4 g
1 Ntad irradiation

2000 ppe borate pH 9.0 6.2 x 10-3 <3.52 x 10-2 <4,14 x 10-2 <1.2 x 10-4
1 Mrad irradiation

. . . , ,
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Table 5. Organic iodide formation in an iodine (1 ) solution with methan M rgon2
in a 60Co gamma source (0.7 Mrad /h)

% conversion of iodine to organic iodide
~

% of methane used to~
Test conditions Gas phase Aqueous phase Total form CH 1' |

3

1x 10-4 M12 in pure >2.22 x 100 1.85 x 101 >2.07 x 101 >6.1 x 10-2water, T x 10-2 ,ot
CHg, 1 Mrad irradiation

1x 10-5 M12 in pure 1.75 x 100 8.24 x 100 9,99 x 100 3,3 , 10-3
water, T x 10-2 not
CHg, 1 Mrad irradiation -

1x 10-5 g 12 in pure 5.5 x 10-1 1.09 x 101 1.15 x 101 1.7 x 10-2
water T x 10-3 mot w
CHg, 1 Mrad irradiation

1
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l
'
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presence of radiation (see Sect. 3.2). Thus, the effect of different pHs
,

on the yield of organic iodides, as shown in Table 4, was likely due to
the conversion of some I to 12 at the lower pHs and the subsequent radia-
tion induced reaction of 12 with organic material. .

Another interesting result of these studies is that the organic
iodide must have formed predominantly in the aqueous phase rather than in
the gas phase. The organic iodide partition coefficients observed in
these tests show that more organic iodide was present in the aqueous
phase than would be expected in an equilibrium gae-equeous partitioning.
Thus, the organic iodide must have formed predominantly in the aqueous
phase and was then stripped to the gas phase. It should be noted that
this observation of organic iodide formation occurring largely in the
aqueous solution rather than the gas applies to this system, in which an
organic gas is bubbled beneath the surface. The interaction of organic
material with a quiescent pool may give entirely dif ferent results, as
will be investigated in additional tests.

It is clear, however, that the potential for forming organic iodide
in UWR containment is not exhausted by containment tests such as those
described in Sect. 5. The description of organic iodide formation, as
presented in Eqs. (34) to (38), will need to be expanded with additional
data to include water pool ef fects. The research program at ORNL has
been set up to provide information on organic iodides involving water
pools and also to alleviate the considerable uncertainty in the descrip-
tion of organic iodides [Eqs. (34)-{38)] that is based on the large-scale ~

containment tests.

~
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