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IODINE VOLATILITY*

E. C. Beahm and W. E. Shockley*

ABSTRACT

The ultimate aim of this program is to couple experimental aqueous iodine vola-
tilities to a fission product release model. Iodine partition coefficients, for
inorganic iodine, have been measured during hydrolysis and radiolysis. The
hydrolysis experiments have illustrated the importance of reaction time on iodine
volatility. However, radiolysis effects can override hydrolysis in determining
iodine volatility. In addition, silver metal in radiolysis samples can react to
form silver iodide accompanied by a decrease in iodine volatility. We are now in
the process of coupling experimental data to an iodine transport and release
model that was developed in the Federal Republic of Germany.

INTRODUCTION

Knowledge of the dynamic interaction of iodine species with sump water, gases,
aerosols, sprays, and wet walls is required to describe iodine behavior in con-
tainment during an L*IR accident. Any procedure that accounts for the iodine
species in containment must include information on iodine volatility. Thus, a
model setup by Pelletier et al. to describe iodine behavior in TMI-2 containment
(1) employed an iodine volatility term in the form of an iodine partition coef-
ficient (IPC) defined as concentration of iodine in the aqueous phase divided by
the concentration of iodine in the gas phase. In this case (1), a constant value
of 10u was chosen. Also an iodine transport and release model developed by
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Hosemann et al. (2) employs an iodine volatility term in the form of an iodine
partition coefficient. In this model (£), a partition coefficient of 200 was used
for that portion of the iodine which enters containment as elemental iodine (I2).

The iodine partition coefficients appear in iodine transport models as a part of
differential equations which describe the transfer rate to or from sump water,
spray drops, or wet walls. For example, in the model of Hosemann et al. {2} the
gaseous I2 is described by: j

i

i
d(I2) i

- — — = TI (I2) (g-mol/s) (1) j
dt i

I
i

where j
TI = l/t2 In (1 + F), !

t 2 = a preselected time, i
F = (IPC)-aqueous volume/gas volume. !

I

In some cases, as described in the present report, an iodine partition coeffi-
cient that varies with time may be a better way of expressing iodine volatility.
For purposes of evaluating iodine volatility, only the unionized iodine chemical
forms need to be considered. Because of the polar nature of water and electro-
static effects, ions are not expected to vaporize directly, though they may be in
an equilibrium or steady state relationship with unionized volatile species. The
basic chemical interactions of volatile iodine species I2, HIO, and CH3I are
described in NUREG-0772 (_3). The present report deals only with inorganic iodine
forms.

Following an LWR accident, the aqueous/gaseous iodine partitioning will be deter-
mined, to a large extent, by iodine hydrolysis and the effect of radiation. Both
hydrolysis and radiolysis are, in turn, influenced by system pH, temperature,
concentration, and impurities. As noted in ref. (3), rapid iodine hydrolysis is
favored by high pH. The overall reaction for iodine hydrolysis may be written
as:

3I2 + 3H20 = 51- + J03- + 6H
+ . (2)

Since the final products of iodine hydrolysis are I- (iodide ion), I03- (iodate

ion), and H+ (hydrogen ion), low volatility is associated with high pH. Radia-

tion effects have the potential to override hydrolysis in controlling iodine



volatility. Radiation can change the chemistry of the system by producing a host
of products that can react with iodine species. These reactions, like hydroly-
sis, appear to be strongly pH dependent. At low pH (<~7), the hydroxyl radical,
OH", can react with I" in solution to form I2. Conversely, at high pH hydrogen
peroxide can convert I2 to I". Thus, a sump containing little or no I2 may exist
as a small source of iodine volatility without radiation, but with irradiation
and low pH, it could yield a high iodine volatility.

EXPERIMENTAL

The tests were run in U-shaped quartz tubes. The temperature was maintained in a
water bath. The icdine volatility was measured by counting tracer 1 3 1I in both '
the gas phase (as shown in Fig. 1) and in the liquid phase. Alternatively, i
iodine volatility was also measured by placing an iodine absorbing solution, such {

I as sodium thiosulfate or sodium hydroxide, adjacent to the sample in the space !
; normally occupied by the gas phase. '

I
. The samples were analyzed for 1 3 1I with a Nal scintillation detector employing a
• Nuclear Data 680 counting system. Iodide solutions with known 1 3 1I contents were
! used to determine the efficiency of the detector-counting system for the liquid
I phase. Anhydrous traced methyl iodide was used to calibrate gas phase counting
i efficiency.

; Carrier free 1 3 1I was obtained as Nal in 0.1 n NaOH solution. For samples con-
i taining I2, a simple procedure was used to convert the iodide ion into aqueous

elemental iodine. Typically, the samples contain 40 mL of solution with 10~6 to
10-1* g-at. iodine and 0.1 to 1.0 mCi of 1 3il.

Irradiation tests were run in a 0.8 MR/h 6 0Co source. Iodine partition coef-
ficients in irradiated samples were measured after the sample was removed from
the source. Alternatively, the percentage of sample iodine that was made vola-
tile during irradiation was measured by placing an iodine absorbing sodium
hydroxide solution adjacent to the sample in the space normally occupied by the
gas phase.

Some tests were run on samples containing iodine and metallic silver. These
tests were run using silver powder (<100 mesh) that was reduced in an atmosphere
of 96% argon—4% hydrogen at 623 K.



EXPERIMENTAL RESULTS

The iodine partition coefficient as used in these studies is defined as:

Tpr concentration of iodine in aqueous phase t (3)

~ concentration of iodine in gas phase

It should be noted that high IPC values mean low volatility. Iodine concentra-
tions were measured by gamma counting an 1 3 1I tracer. Thus, the partition coef- j
ficient refers to all of the iodine species in the sample. !

j

HYDROLYSIS STUDIES 1

I • I
I In iodine hydrolysis, I2 reacts with water to form I" (iodide ion), I03~ \
j (iodate ion), and H+ (hydrogen ion) as final products. If iodine hydrolysis were i
j instantaneous and complete, there would be no iodine volatility to consider I
: because the final products I~ and I03~ are' not volatile. The hydrolysis reaction
occurs with a rate which depends on pH, temperature, and concentration. In this

; study, tests were run at conditions shown in Table 1. Tests run in pure water
; had a pH that varied depending on the amount of H+ generated during hydrolysis. j
; The buffered samples contained 2000-ppm borate (as H3BO3) with pH adjusted by
; sodium hydroxide solution.

Table 1

HYDROLYSIS TEST CONDITIONS

pH: 9.0 (buffered), 7.0 (buffered), pure water

Temperature: 289 K and 323 K

Concentration (g-at. I 2): 1 0 " \ 10"5, 10~6

At temperatures used in these studies, pH was the dominating factor in determin-
ing the iodine partition coefficient. This is illustrated in Fig. 2 for some
iodine volatility tests run at 298 K. This figure shows plots of log IPC vs log
time(s) for samples in a solution with pH 9.0, pH 7.0, and pure water. Figure 2
shows that under similar conditions of concentration and temperature, high pH
leads to high partition coefficients. In terms of the overall hydrolysis reac-
tion (Eq. 2), this effect can be seen as the result of the high pH neutralizing



H+ and forcing the reaction to the right. However, reaction rate effects of high
pH are more subtle than this simple application of Le Chatelier's principle (4).

The effect of I2 concentration is illustrated in Fig. 3 for pH 7 (buffered) an,d
in Fig. 4 for pure water. In the buffered samples, the partition coefficients
at the higher concentrations lie somewhat below and roughly parallel to those
measured for the lower concentration. The unbuffered samples plotted in Fig. 4
again show lower partition coefficients for the sample of highest concentration i
but the plots diverge at increasing mixing times. This is likely to be due to \
the pH change that accompanies iodine hydrolysis. The sample with the high con- j
centration has a greater change in pH (final pH 3.9-4.0) than the sample with low j
concentration (final pH 4.7-4.8). There is, then, a great difference in the '
hydrolysis of iodine in buffered and in unbuffered iodine solutions. The key to

' the difference is the decreasing pH that occurs in the hydrolysis of iodine in
unbuffered solutions.

Figure 5 shows the effect of temperature on pH 7 (buffered) samples. The sample
at higher temperature gives higher partition coefficients. It may not be intui-
tively obvious why high aqueous phase temperatures give lower iodine volatility
(higher partition coefficients). This effect is due to more rapid iodine hydro-
lysis at higher temperatures which produces nonvolatile products I- and I03~.

For purposes of modeling iodine behavior in an LWR accident, it is important to
have not only a value for the iodine partition coefficient, for a given set of
conditions, but also the rate that the IPC changes with reaction time. During
the first 12 to 24 hours following an LWR accident, the rate of change of the IPC
could be especially important. The shape of curves showing log-log plots of
iodine partition coefficients vs time for iodine hydrolysis is always similar.
At low temperature, 298 K, there is a rather flat region at the beginning of the
reaction and then an upswing in values at some later time. At higher tempera-
tures and/or at high pH, only the more rapidly varying upswing part of the curve
is seen.

Several investigators have measured iodine partition coefficients under hydroly-
sis conditions (5-_7)* *n a notable study, Lin (J5) shows on one figure a plot of
iodine partition coefficients vs iodine (I2) concentration as measured in five
separate studies. However, it is difficult to directly coipare the results of
different reports of iodine partition coefficients. Even if the work was done at
the same concentration temperature and pH, different, and often unstated, mixing
times can confound any comparison.



A recent report (8) shows iodine partition coefficient values calculated as a
function of reaction time, concentration, temperature, and constant pH.
Figure 6 again shows log-log plots of iodine partition coefficients vs time.
In this case a comparison is made between values calculated and reported in
NUREG/CR-2900 (8) and our experimental measurements. At pH 7 and pH 9, the
experimental values appear to have a plot similar to the calculated values but
shifted to the right on the time axis. Thus, the onset of the upswing in par-
tition coefficients, and resultant lower iodine volatility occurs later than the
calculations indicate. Of course, the difference may be due to any combination
of uncertainty in experimental results or in calculational data.

Before experimentally determined iodine partition coefficients can be used in

I assessing iodine behavior in containment, the data must be converted into
equations which can be incorporated into models. The best approach to the

I problem of fitting empirical data in a process as complex as iodine hydrolysis
I lies in the use of regression techniques and multivariate analysis. As a pre-
j liminary to multivariate analysis, data from some tests in pure water and tests
. at pH 7.0 (buffered) have been fit to an equation of the type:

' In IPC = a + bt (t in seconds) . (4)

I Table 2 gives some experimental tests that have been fitted to this equation.

RADIOLYSIS

The principle chemical effects of radiation result from the interaction of the
iodine species with radiolysis products from the sol vent water. The chemistry
involves interaction of water radiolysis products such as e -, OH, H, 02", and
H 20 2 with whatever chemical forms of iodine exist in the solution. Studies by
Lin (9) and by Habersbergerova (JJ)) have shown that radiolysis effects are quite
sensitive to pH.

From a practical standpoint, two factors are important to the description of
iodine behavior in containment. These factors are the opposing effects that can
result from irradiating iodine solutions. The chemical reactions resulting from
radiolysis may convert nonvolatile iodine forms such as I- into volatile chemical
forms (at low pH), or conversely volatile I2 could be converted into nonvolatile
forms (at high pH). The conversion of nonvolatile I" into other chemical forms



Table 7-2
TEST DATA FIT TO In IPC = a + bt (t in seconds)

Coefficient of
Test Condition £ b_ Determination .

pH 7 (buffered)

a) 1 x 10-5 g-at. I2/L at 298 K 6.46 3.25 x 10"6 0.978

b) 1.2 x 10"5 g-at. I2/L at 298 K 5.89 4.35 x 10~6 0.996

c) 4.7 x 10-5 g-at. I2/L at 298 K 5.62 1.5 x 10~6 0.923

Pure water

a) 8.4 x 10-6 g-at. I2/L at 323 K 3.70 5.63 x 10"6 0.966

b) 1.2 x lO"5 g-at. I2/L at 298 K 4.70 6.58 x 10"7 0.995
i

j c) 1.1 x 10-4 g-at. I2/L at 323 K 3.62 5.40 x 10"7 0.950

is best treated experimentally by studying the amount (percentage) of iodide con-
verted to a volatile form as a function of pH, concentration, impurities, and
radiation dose. Results obtained in this way can be incorporated directly into
models as part of differential equations that describe time rate changes of I"
contained in sump water and of I2 in the gas phase.

The conversion of volatile iodine forms into nonvolatile forms can be studied
using iodine partition coefficients. Then in the limiting case, as the radiation
dose approaches zero, the results are easily transferable to hydrolysis effects.
Both techniques, iodine partition coefficient measurements and percent conversion
to volatile forms, are being used in this study.

Just as there is no clearly defined impurity composition for sump water, so there

is no single radiation dose that can he assigned to water pools following an LWR

accident. An approximate maximum dose rate in suppression pool water was calcu-

lated for the Severe-Accident Sequence Analysis Program at Oak Ridge National

Laboratory (ORNL) (11). This dose rate was calculated using the assumption that

the entire core inventory of cesium and iodine entered the suppression pool

30 min after shutdown. This resultant gamma dose rate was found to be ~0.7 Mrad/h.



This happens to be close to the gamma dose rate of the 60Co source used in these
studies, though the gamma energy spectrum from 60Co differs from that of the fis-
sion products.

A series of tests was run on samples that contained 1 x lO""1 ]4 I" with

x 10~6 _M I2 at pH 6.9 (borate buffered) at 323 K. The conditions were chosen
to simulate approximate amounts of I- and I2 that may exist in sump water follow-
ing an LWR accident. Additional tests were done on this system to evaluate the
effect of metallic silver on iodine volatility.

Figure 7 shows plots of log iodine partition coefficient vs log time. The upper
curve (marked by •) shows the iodine partition coefficients obtained without
irradiation. This curve shows the characteristic hydrolysis (but not radioly-
sis). There is a rather flat region at the beginning of the reaction and then
an upswing in values at some later time.

I Below the hydrolysis curve there are three curves for iodine partition coeffi-

; cients obtained after irradiating to 150 Krad, 1 Mrad, and 2 Mrad. The curve
; obtained after an irradiation of 150 Krad (marked b y © ) initially gives partition
; coefficients close to those found in the unirradiated sample. Continued mixing
; after irradiation gives a decrease in partition coefficient in the sample irra-
: diated to 150 Krad. The sample irradiated to i Mrad (marked by o) initially has
| a low partition coefficient of 4.9 x 102. This value increases with mixing time
after irradiation. After irradiation, all three curves (marked by©, o, A)
approach approximately the same partition coefficient as mixing time increases.
After irradiation, it is generally observed that the log-log plots of partition
coefficient vs time do not have the same shape as plots for iodine hydrolysis.

Three test samples containing silver were run in this series. The samples con-
tained 2 x 10-2 g_at< Ag (pOwder)/L. The first test was run without irradiation.
The partition coefficients measured in this test were the same as those measured
without silver. Thus, the log-log plot of partition coefficient vs time is the
same as the upper curve (marked by •) in Fig. 7. The silver was removed from
this sample and after washing with pure water it was found to contain 2.7% of the
total iodine species in the sample. On a gram-gram basis, the initial sample
contained 2% as I2. Thus, there was a fair agreement between the initial amount
of iodine in the sample as I2 and the amount of iodine contained in the silver.



A second test with silver was run with irradiation to 1 Mrad. There was no dif-

ference in iodine volatility before and after the irradiation. This irradiation

took place 1 x 103 seconds after initial mixing of the sample. A third irradia-

tion test with silver was run to see if the partition coefficients would follow

the same curve as the unirradiated test. In this case, the sample was irradiated

after it had been mixed for 17 h. The results of this test are shown in Fig. 8

(marked by A ) . The curve for the sample containing silver powder is offset a

small amount to the right of the curve for the unirradiated sample probably

because there was no stirring of the sample during the 75 min irradiation. How-

ever, the rapid rise in partition coefficient with time is clearly evident. The

conclusion from these tests is that silver nullified the effect of radiation on

these samples.

There is one other item of possible significance in these tests. In addition to

| decreasing iodine volatility in irradiated samples, the silver powder retained a

! surprising amount of the iodine species from the solution. The silver was

j removed from the irradiation test shown in Fig. 8. After being washed with pure

; water, the silver in this test retained 38% of the total iodine species in the

sample. This may be compared to the 2.7% retention foimd in the unirradiated

: sample. There are at least two possible explanations for the increased retention

i of iodine species with irradiation. The radiation could have converted as much

as -35% of the iodide ion in the sample to I2 accompanied by the reaction:

2Ag + I2 = 2AgI . (5)

However, partition coefficient measurements without silver in the sample and

additional irradiation tests described below do not show this large percentage

conversion to I2.

Alternatively, water radiolysis products such as H 20 2 or OH could cause the

silver to react directly with the iodide ion. The reaction

H 20 2 + Ag + 2H
+ + 21" = 2AgI + 2H20 (6)

is favorable thermodynamically even for high pH and low I~ concentrations. The

retention of iodine, by whatever mechanism' , could be an important feature in the

modeling of iodine behavior in containment.



The effect of radiation on iodine volatility is quite dependent on pH. A test
was run on a sample containing 1 x 10-1* tt I" at pH 9.0 (buffered) and 323 K.
This sample was irradiated to 1 Mrad and no iodine volatility was detected. For
the system used in these tests, that means that the iodine partition coefficient
was >105. Another test was run on a sample at the end of the low pH range
expected in an LWR accident. This sample contained 2000 ppm borate (pH 4.4) and
1 x 10-1* jj *~ at 323 K» During irradiation to a dose of 1 Mrad, 3.3% of the
iodine in the sample was converted to a volatile form and collected in a sodium
hydroxide solution. This % conversion may be compared to 7.5% volatile iodine
reported by Lin (_9) for the irradiation to a dose of 4.5 Mrad of 1 x 10-1* M I"
at pH 5. The remarkable ability of silver powder in decreasing iodine volatility
during irradiation was again shown in a comparison test run under identical con-
ditions (1 x 10"1* M I", 2000 ppm borate) except for the addition of silver
powder. After irradiation to 1 Mrad, this sample showed no iodine transferred to

1 the sodium hydroxide solution.
i

DISCUSSION

The amount of volatile iodine in containment atmosphere will be determined by the

amount released from the primary system and by the iodine partition coefficient and

in addition, by:

• chemical reactions that result from radiolysis;

• chemical reactions with impurity materials such as silver metal
or corrosion products;

• adsorption or cnemical reaction with surfaces;

• removal by spray systems and ice condensers;

• the formation of organic iodine compounds.

A model for iodine chemistry and transport has been developed by Hosemann et al.

{2). This fission product release model considers successive stages of an acci-

dent sequence including release from the fuel, release from the primary system

into containment, reactions and behavior inside containment, and release from

containment. The model has a flexible structure which enables the insertion of

iodine volatility data as it becomes available. This model has been loaded on

the computers at ORNL a ,d we are now using it to calculate the sensitivity of

iodine volatility in containment to partition coefficient expressions derived

from experiments in this study. After initial calculations involving only

hydrolysis, expressions for radiolysis effects will be inserted. The continuing



effort in these studies also calls for an evaluation of the rates of formation
and removal of organic iodides. The experimental program in organic iodine
systems will begin in October 1934.
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