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Previous experimental work led to the development
of a kinetic model that can be used to quantify iodine
sorption behavior on a stainless steel surface. The ki-
netic model, based on the mechanism proposed in ear-
lier work, consists of four chemical reactions. The model
has reproduced the time-dependent adsorbed iodine con-
centration data on the coupons observed under various
atmospheric conditions and different cycles of loading
and purging. The iodine adsorption kinetics were then
incorporated into a mass transport equation to simulate
iodine sorption behavior from a flowing air stream
through a length of stainless steel tubing. Discussed are
the model, the simulation results, and their implications
regarding the calibration of iodine transmission through
long stainless steel sampling lines used for radiological
monitoring of airborne iodine in a reactor containment
building following an accident.

I. INTRODUCTION

Iodine is regarded as one of the most hazardous fis-
sion products that could be released from fuel in the event
of a nuclear reactor accident. Under most accident con-
ditions, the iodine released from fuel into the contain-
ment building would be primarily in its reduced state as
cesium iodide. In this form, it would be readily dissolved
in the water present in containment, discharged from a
break in the heat transport system, or released by any
safety systems.! * In the presence of a high radiation field
following an accident, however, the dissolved iodide
slowly oxidizes to volatile I, and organic iodides, and it
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can become airborne.>S If the accident mitigation strat-
egy involves an active intervention, it would be useful to
be able to measure the airborne iodine concentration in
containment to determine when the intervention would
be most opportune. '

Radiological monitoring of the airborne iodine con-
centration in containment following an accident often re-
quires air sampling through long stainless steel lines to
minimize background contributions. Quantifying the in-
teraction of iodine with stainless steel is thus very im-
portant in any attempt to calibrate iodine transmission
through the gas sampling lines. The work presented here
was initiated to develop an understanding of the inter-
action of gaseous I, in stainless steel sampling lines. How-
ever, the results can be also used to predict iodine behavior
in containment following an accident, as stainless steel
structures are present in containment. The ability to pre-
dict the extent of I, interaction with steel surfaces fol-
lowing an accident is desirable.

We previously reported on an experimental study of
the iodine adsorption and desorption behavior on stain-
less steel (Type 304-L) surfaces under ambient temper-
ature and atmospheric conditions.” The study consisted
of iodine sorption kinetic measurements and surface analy-
ses. The sorption kinetics were studied by measuring the
131 activity on stainless steel coupons as a function of
time during loading with I,, labeled with '3'I, and dur-
g purging. Loading was conducted by deposition from
a flow of N or air until saturation or a steady state was
reached. This was followed by purging with N, or air
until no iodine desorption was observed. Inactive exper-
iments were also done so that scanning electron micros-
copy (SEM) photographs and energy disperse X-ray
spectroscopy analyses could be obtained at various stages
of loading and purging. These experiments were per-
formed on various stainless steel surfaces (untreated, elec-
tropolished, and nitric-acid treated) and for multiple (up
to four) cycles of loading and purging. Based on these
results, possible mechanisms for the interaction of iodine
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with stainless steel were proposed. This work led to the
development of a kinetic model that can be used to quan-
tify iodine sorption behavior on stainless steel.

‘This paper describes the model and presents model
simulation results for the iodine sorption tests previously
reported.” The sorption model is then incorporated into a
mass transport equation to characterize iodine behavior
in gas flowing through stainless steel tubing, and to as-
sess implications regarding the calibration of iodine trans-
mission from long stainless steel sampling lines used for
radiological monitoring of airborne iodine in a reactor
containment building following an accident.

il. DESCRIPTION OF THE KINETIC MODEL

The kinctic model developed to quantify iodine sorp-
tion on stainless steel at ambient temperature and low
relative humidity (<35%) consists of four reactions shown
in Table I. The gas phase iodine-accelerated corrosion of
stainless steel is a complex process to model. It is unlike
uniform monolayer adsorption, which is readily de-
scribed in physical terms. The iodine sorption and sub-
sequent stainless steel corrosion is highly localized and
progresses very rapidly, forming highly defected crys-
tals or solids (these solids grow to be ~1 um deep and
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100 pum in diameter). Furthermore, stainless steel is a
complex alloy, and its surface (especially that of un-
treated material) is not easy to characterize or to prepare
consistently. Considering the complexity of the realistic
system that was studied, the description of the process
using only four reactions may be too simplistic an ap-
proach to represent all the physical processes in detail.
What is attempted in the present studies is to develop a
practical model that

1. Is based on a mechanistic understanding so that
the model is robust, i.e., can be used with some confi-
dence over a broader range of conditions than those
studied.

2. Can be used as an analysis tool to extract funda-
mental parameters for iodine uptake on stainless steel from
which a coherent database can be constructed. For ex-
ample, surface sorption kinetics are often described and
reported using only a single deposition velocity. It will
become clear in Secs. IV and V that the deposition ve-
locity is neither an adequate nor sufficient parameter for
describing the kinetics of iodine uptake on stainless steel
surfaces.

The kinetic model to simulate the iodine adsorption
and desorption on a stainless steel surface and its accom-
panying corrosion is based on experimental studies

TABLE 1
Reactions in the Iodine Sorption Kinetic Model
Reaction
Number Reaction Rate?
R1 Fe(b) + I(g) — Fel, ( [Scale], )
kinel1— -[Fe(®)] -[L.(g)
AD [Fe(b)]o [ ( )] [2 g]
kap =15 X 10% cm3.mol™".s~!
+(1— Scale
R2a Fel, + 02(g) = FeO, + I(g) + (1 — x/2) Ox(g) koo (1~ [Scale], [FeL,]-[0:(2)]®
[Fe(b)]o
ky, =0.195 cm3-mol ™! .s™7!
ixed- 1
R2b Fel, + O,(g) — Fixed-I, o B'< [Scale], )) [Fel,]-[0x(8)]
[Fe(b)]o
A =0.08cm? mol~!.s7!
B=0.25cm?.mol"!.s7!
R3 Imp + Y5(g) — Fel kimp[Imp]-(12(g)] ¢
mp =6 X 107 cm®.mol ™! -s7!

a[Fe(b)], [Felo], [Imp], [FeO,], and [Fixed-1,] are in units of mole per square centimetre, whereas [02(g)} and [I,(g)] are in

units of mole per cubic centimetre.

b[Scale], is the surface concentration of oxy-iodides scale at time ¢ and is defined in the model as follows: [Scale], = [Fel,}, +

[FeO,), + [Fixed-L],.
¢[Imp] is the concentration of impurity on the coupon surface.
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reported in Ref. 7. This early study proposed that the fol-
lowing reactions occur on stainless steel surfaces ex-
posed to I, in air at room temperature and low relative
humidity (<35%):

Fe(s) + Iz(g) - FCIZ (l)
Fel, + y0,(g) — Fel,,0,, + (1 —x)L(g) , (2)

where Fe(s) represents any reactive metal species on the
surface (which is likely to be mainly iron and hence the
notation Fe; presumably Fe in an oxidation state less than
+2 and is referred to as reactive surface Fe hereafter).’
The iron oxy-iodides, Fel,,0,,, represents not one com-
pound, but a mixture of iodides, oxy-iodides, and oxides
of iron; FelO, FeO, and Fe,0;.

The extent of iodine uptake and corrosion on stain-
less steel in contact with the gas phase at room temper-
ature is significant, and it appears that iodine adsorbs as
easily on corroded surfaces as on a fresh untreated sur-
face. This extensive corrosion in the gas phase was sur-
prising, considering that no electrolytes were present. To
account for the ample supply of reactive surface Fe, it
was postulated that either (a) the volume changes asso-
ciated with the formation of Fel, and the subsequent
Fel,,0,, scale creates cracks that facilitate I diffusion
to react with nascent reactive Fe underneath the scale to
form Fel,, (as shown schematically in Fig. 15 in Ref. 7),
or (b) the fast iodine-iron interaction forms a highly de-
fective, semiconductor scale, which allows the migra-
tion of reactive iron to the surface.

The rate at which reactive Fe becomes exposed to
the surface to react with I, is modeled using the follow-
ing first-order process:

Fe(b) — Fe(s) 3)

with an overall rate constant, kg (). The rate law for re-
action (3) is then

d[Fe(b)], d[F ,
_ [Zz( 3 _ [ZI(S)] = keew [Fe®)], . (@)

where Fe(b) represents the total available amount of base
metal that could be exposed to the surface to react with
iodine [or become reactive surface Fe, Fe(s)], as the re-
action progresses. Also, [Fe(b)]; and [Fe(s)], are the con-
centrations of Fe(b) and Fe(s) per unit area at time ¢
(mol-cm™2).

Rcaction (1) is fast compared to Rcaction (3); thus,
Reaction (3) is the rate-determining step for the forma-
tion of Fel,, and the concentration of Fe(s) reaches a
steady-state at a relatively low level. Thus, for the pur-
pose of kinetic analysis for Fel, formation, Reactions (1)
and (3) can be combined into one reaction:

Fe(b) + Li(g) — Fel, . (5)
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The rate of Reaction (5) (or R1 in Table I) is assumed to
be proportional to the total available reactive iron con-
centration, [Fe(b)],, and the gas phase iodine concentra-
tion, [15(g)];, but also assumed to slowly decrease as the
iron oxy-iodides scale builds up, i.e.,

Rate of Reaction (5) = k’-[Fe(b)],-[L:(g)], , (6)
L _ [Scale],
k' = kAD'(l ————[Fe(b)]()) 7

[Scale], = [Fel,], + [Fel,; 051, , (8)

where [Fe(b)]o is the initial concentration of Fe(b) (or
the total available reactive metal in units of mole per
square centimetre), [I,(g)], is the gas phase iodine con-
centration (in moles per cubic centimetre) at time ¢, and
[Scale], is the concentration of iron oxy-iodides scale at
time ¢ (in moles per square centimetre).

Combining Reactions (1) and (3) into Reaction (5),
where Reaction (3) is the rate-determining step, implic-
itly assumes that the rate of Reaction (3) depends on
the gas-phase iodine concentration. This assumption is
considered to be reasonable for either mechanism (a) or
(b), because both the propagation of cracks and the mi-
gration of charged particles through the highly defec-
tive scale® are expected to increase with the iodine
concentration. The rate constant ksp is set at 5 X
10° cm?-mol~!-s™! for the geometry used in the iodine
adsorption tests at room temperature and low relative
humidity.” The ratio of volume to geometric surface area
in the experiments was ten. The value of k4p was cho-
sen because it gave the optimum simulation results for
all tests (see Sec. III).

During the iodine sorption tests on coupons,’ the gas-
phase iodine concentration was constant with ime dur-
ing iodine loading. For a constant iodine concentration,
i.e., [I(g)]: = [12(g)] o, the rate Eq. (6) for Reaction (5)
(or R1 in Table I) would result in a near exponential de-
crease of the rate:

[Fe(b)] ~ [Fe(b)lo-exp(= k"-[L(g)lo-t) . (9)

The term “near exponential” is used because the depen-
dence of the rate constant on the scale buildup [see Eq. (7)]
was ignored while obtaining this analytical solution. The
decrease in the bulk Fe(b) concentration with time is, in
physical terms, equivalent to the decrease in the avail-
able surface area of Fe(b) to be exposed to I as the scale
forms. The oxide scale formation obscrved during the
iodine-catalyzed corrosion of stainless steel” appears to
be similar to the scale formation observed during air-
oxidation at high temperatures.® The scale formation at
high temperature often shows an exponential depen-
dence on time. Reaction (5), or the corresponding rate
Eq. (9), results in a near exponential increase in iron oxy-
iodides scale as a function of time because
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[Scale], = [Fel,,0,,], + [FeL,],
~ [Fe(b)]o — [Fe(b)],

~ [Fe(b)]o- (1 — exp(— k"-[I2(g)lo1)) . (10)

where [Fel, ], and the steady-state [ Fe(s)], would be very
small. The exponential dependence of [Fe(b)], with time
is not only consistent with the qualitative behavior of the
observed scale formation during iodine interaction with
stainless steel, but also has reproduced the iodine adsorp-
tion and desorption data reasonably well as shown in
Sec. III.

It is also assumed in the model that the rate constant,
kre(s), decreases slowly as the scale builds up, hence the
need for the second term in the right side of Eq. (7). This
suggests that a diffusion process becomes rate determin-
ing at the later stage of the iodine-iron interaction. As the
corrosion progresses, it would be more difficult for io-
dine to diffuse through the cracks or for Fe(b) to diffuse
through the scale to the surface.

The earlier studies’ also suggest that the iodine de-
sorption behavior in the presence of air can be described
by Reaction (2). The underlying assumptions of Reac-
tion (2) implicitly state that

1. Adsorbed iodine exists in two species, Fel, and
FCIZXOZ},.

2. All of the iodine in the form of Fel,,O,, is trapped.

3. In the presence of oxygen in the flow, a fraction
of iodine adsorbed as Fel, is released (fraction = 1 — x)
and the remaining iodince (fraction = x) forms Fcl;,Og,.

Neither the exact nature of the iron oxy-iodides, nor
its exact stoichiometry is known. However, it was ob-
served that the fraction of iodine released changed as the
number of loading and purging cycles increased. This sug-
gests that Reaction (2) may proceed through paths, such as

nFel, + m/20,(g) = Fe,0,, + nl,(g) (11)

F612 + %02(8) = FelO + %Iz N (12)

where Fe,O,, represents a mixture of various iron ox-
ides, and the iron products Fe, O, and FelO together rep-
resent the solid oxy-iodides.

In the Kinetic scheme, Reaction (2) is modeled using
two second-order reactions as follows [Reactions (R2a)
and (R2b) in Table I]:

Fel, + 0,(g) = FeO, + (1 —x/2) 0,(g) + L(g)
(13)
and
Fel, + O,(g) = Fixed-I, , (14)

where FeO, and Fixed-I, do not represent the formula of
real compounds, but together they form iron oxy-iodides,
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Fel,,0,,. Thus, in the model, the scale concentration is
defined as

[Scale] = [Fel,] + [Fel,.0,,]
(15)

The second-order rate constants of Reactions 2a and
2b in Table I are defined in the model as

[Scale] > (16)

= [Fel, ] + [FeO,] + [Fixed-I,] .

kpaq (cm?-mol~!-s7!) = 0.195 X (I

- [Fe(b)]o
and
o [Scale]
kgap (cm®-mol~t-s71) = 0.008 + 0.25 X ([Fe(b)]o> ’
17)

such that the branching ratio [or fraction, x, in Reaction
(2)] changes with the buildup of iron oxy-iodides scale.
The rate constants defined in these equations reproduce
the observation that the fraction of adsorbed iodine re-
moved during purging decreased progressively with in-
creasing number of loading and purging cycles. The
observation that the fraction, (1 — x), decreases as the
number of the cycle increases (i.e., as the corrosion of
the surface progresses) can be explained if the increas-
ing Fel,,0,, layer could more easily trap the residual io-
dine in the scale with successive cycles.

Reactions (R2a) and (R2b) and their rates in Table 1
are represented using a first-order dependence on oxy-
gen concentration for convenience. The actual depen-
dence on oxygen concentration is not known and was not
studied. However, for the purpose of this work, the first-
order dependence was used to simplify the chemical
model. The oxygen concentration in the air flow used in
the experiments was [O,(g)] =~ 1 X 107 mol-cm ™3,

Impurity sites on the surface (e.g., defect sites inher-
ent on stainless steel surfaces such as sulfur or other trace
components, residual metal fragments from cutting tools,
or water droplet and contaminants introduced while clean-
ing and handling) for I, to react, have been ohserved.”
These impurities are believed to be responsible for the
quick initial adsorption observed. The reaction of the im-
purities with iodine is modeled as [Reaction (R3) in
Table 1]:

(18)

It is assumed that the iodine reaction with impurities
produces metal iodide (represented here as Fel,), which
then subsequently undergoes Reaction (2). The rate con-
stant of Reaction (18), k;n,, Was set to be 6 X 107
mol~*.cm3-s~!; however, in the simulations, the impu-
rity concentration was adjusted to give best fits for the
loading and purging data for each cycle (see Sec. III).
The product, Kjmp -+ [frmp]o, is thus the meaningful quantity.

Imp(s) + 1,(g) = Fely(s) .
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TABLE II
Coupon Simulation Parameters
Case Atmosphere [L(g)] [Fe(b)]o [Imp]o
Number Cycle Loading/Purging (mol-cm™3) (mol-cm™2) (mol-cm™~2)

1 N»/N; 8.70E—132 2.2E~-7 SE—11

2 1 N,/N; and air 4.10E—12 1.0E-7 0.6E—8

3 1 Air/air 2.21E—-12 14E-7 0.75E-8

2 2.52E—-12 0.85E—8

3 1.05E—12 0.4E—8

4 243E—-12 1.2E-8

4 1 Air/N, 2.13E—12 1.4E-7 0.3E-8

2 8.30E—13 0.25E—8

@Read as 8.70 X 10713,

The reaction kinetics, consisting of Reactions (R1),
(R2). and (R3) in Table I, was solved using the FACSTM-
ILE code,’ a commercial integration package for solving
coupled-differential equations that was specifically de-
signed for chemical kinetic problems.?

{Il. MODEL SIMULATIONS OF COUPON TESTS

IH.A. Simulated Cases

Four iodine loading and purging cases on untreated
stainless steel surfaces reported in Ref. 7 were simulated
using the reaction kinetic model shown in Table I:

L. case I: one cycle of I; loading in N,, followed by
purging with N,

2In FACSIMILE, the chcmical system to be modeled is ex-
pressed as a series of simple chemical reactions as an input,
which is then converted into coupled differential equations
and solved by a numerical integration method. For example,
when a chemical reaction

A+B—->C+D,

with a rate constant of k is entered, FACSIMILE converts the
chemical reaction into a series of coupled differential rate
equations:

d[A] _dlBl _ _

& g = kAlB]
and

d[C] _d[D]

& = a4 Al .

FACSIMILE then solves the differential equations

simultancously.
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2. case 2: one cycle of I, loading in N,, followed by
a N, purge and an air purge

3. case 3: four cycles of I; loading and purging with
air

4. cuse 4: two cycles of I loading in air, followed
by purging with N,.

Each case represents a test or a series of tests performed
with the same stainless steel coupon specimen. In each
cycle, iodine loading, in general, continued until a steady-
state was reached. Subsequent purging also continued un-
til a new steady state was reached. The time intervals
between cycles displayed in the figures do not necessar-
ily reflect the true delay between each cycle. Although
the specimen was stored under nitrogen between cycles,
rigorous attempts to completely avoid contact with oxy-
gen or water vapor were not made. All cases simulated
were performed using untreated stainless steel.

The boundary or initial conditions used for each sim-
ulation were as follows:

1. [I(g)], and [0,(g)], were the actual concentra-
tions used in each test and were constant with time, i.c.,

[L2(g)]; = [12(g)]o and [02(g)]; = [02(&)]o.

2. The initial concentrations of [Fel,], [FeO,] and
[Fixed-1,] were zero.

3. The initial concentration of Fe(b), [Fe(b)] o, which
is equivalent to the total amount of iron that can migrate
to the surface W be available for reaction, was specimen-
dependent, i.e., adjusted to give the best fit for a given
case.

4. The initial concentration of impurities, [Imp],, was
adjusted to give the best fit for each cycle.

The values of [I;(g)]o, [02(g)]o, [Imp]o, and [Fe(b)]o
used for simulations are listed in Table 1I.
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6.E-08

4.E-08 -

2.E-08

Adsorbed Iodine Concentration
(mol/em?)

Purging begins
mep r  — 3
0.E+00 <« + + u + -+ t t t —+
0 20 40 60 80 100 120 140 160 180 200
Time (h)

Fig. 1. Adsorbed iodine concentration on an untreated stainless steel coupon during loading and purging in N (case 1); symbols

are the experimental data, and the line is the simulation.

For a given set of initial conditions, the model cal-
culated the concentrations of all species as a function of
time. The calculated adsorbed iodine concentration, which
is the sum of 2-[Fel,] and 2-[Fixed-1,], was then com-
pared with the observed concentration in units of I
mol-cm 3. Another interesting result is the extent of scale
formation. The calculated iron oxy-iodide scale concen-

N, purge O, purge

v v

tration is the total Fe reacted and is the sum of [Fel,],
[FeO,] and [Fixed-1,] [Eq. (15)].
I11.B. RESULTS AND DISCUSSION

Model simulation results are compared with experi-
mental data in Figs. 1 through 8. Also shown in Figs. 4

8.E-08
7.E-08 +
6.E-08 4
~SE-08 1
S 4.E-08
E3e0s |
2.E-08
1.E-08 -
0.E+00 : :

Adsorbed Iodine Concentration

0 50 100

1 T

150 200 250

Time (h)

Fig. 2. Calculated concentration of surface species on an untreated stainless steel coupon during loading and purging in N>, and
subsequent purging with air (case 2). Symbols are the experimental data, and the line is the simulation.
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1.0E-08

Loading Loading Loading Loading
Purging }Purging {urging {Purging
6.0E-08 v v
s
2
‘g S5.0E-08 + * e
=
g _40E-08 -
S'g
2 230808 1
% E
'é 2.0E-08 -
g
3
<

0.0E+00

4

4
T

300

400
Time (h)

4
-

500

T

600 700 800

Fig. 3. Adsorbed iodine concentration on an untreated stainless steel coupon during loading and purging in air (case 3). Symbols
are the experimental data, and the line is the simulation.
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Fig. 4. Calculated concentration of surface species on an untreated stainless steel coupon during loading and purging in N>, and

subsequent purging with air (case 2). Scale is the sum

and S are the accompanying calculated iron oxy-iodides
scalc concentrations. The simple model, consisting of four
reactions, reproduces the iodine adsorption-desorption be-
havior observed under various flowing conditions rea-
sonably well, considering that the modeled system is
complex and difficult to characterize in detail.

The simplest case is case 1 where the loading and
purging take place under a nitrogen environment. Be-
cause iodine desorption requires oxygen, there is no de-
NUCLEAR TECHNOLOGY
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of Fel,, Fixed-I,, and FeO,.

sorption during the nitrogen purge (Fig. 1). Case 2
rciterates this point by desorbing iodine only during the
portion of purging when air is introduced (Fig. 2)

Case 3, loading and purging in air, is shown in Fig. 3.
Iodine uptake in air in each cycle is smaller than that in
Nj. In air, the adsorbed iodine concentration reaches a
steady-state value during loading. It decreases during
purging in air, however, reaching another steady-state
value.
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Fig. 5. Calculated concentration of surface species on an untreated stainless steel coupon during loading and purging in air

(case 3). Scale is the sum of Fel,, Fixed-I,, and FeO,.
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Fig. 6. Adsorbed iodine concentration on an untreated stainless steel coupon during loading in air and purging with nitrogen
(case 4). Symbols are the experimental data, and the line is the simulation.

The calculated scale concentrations, shown in Figs. 4
and 5, explain the observations that despite a smaller up-
take of iodine, the surface at the end of the test appeared
to be more extensively corroded during loading in air than
during loading in N, (compare SEM photographs shown
in Figs. 9, 10, and 11 of Ref. 7). The formation of FeO,
and Fixed-I, (or lack of) also explains why the amount
of loading in the nitrogen case (case 2) is higher and does
not appear to reach a maximum as it does in the air cases

40

(case 3). Under nitrogen, the product of the reaction (or
the scale) is made up entirely of Fel,, whereas in air, the
scale is a constantly changing mixture of Fel,, FeO,, and
Fixed-I,. Under air conditions, newly formed Fel, is con-
stantly being desorbed and converted to the other scale
products, reducing (and even stopping) the overall ob-
served iodine adsorption rate. The consumption of avail-
able base metal, Fe(b), is the same in either case, as they
are both limited by the diffusion of Fe(b) to the surface
JAN. 2001
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Fig. 7. Adsorbed iodine concentration on an untreated stainless steel coupon during loading and purging in air (case 3). Symbols
are the experimental data, and the lines are simulations to demonstrate the range in iodine loading behavior caused by the

uncertainty in impurity concentration.
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Fig. 8. Adsorbed iodine concentration on an untreated stainless steel coupon during loading and purging in air (case 3). Symbols
are the experimental data, and the lines are simulations to demonstrate the range in iodine loading behavior caused by the

uncertainty in the bulk phase iron (Fe(b)) concentration.

to react with I, [Reaction (R1)]. A significant volume
change also appears to accompany the conversion of Fel,
to FeO, and Fixed-I,, which explains the observed in-
crease in localized corrosion under the air environment.
The simulation of case 3 (Figs. 3 and 5) displays the pro-
gressive buildup of scale on the surface as the number of
loading and purging cycles increases.
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Case 4 is the case loaded in air and purged with ni-
trogen (Fig. 6). It is suspected that coupons were ex-
posed to air while being handled following each cycle,
and while being stored between the cycles. This might
have caused the desorption after the nitrogen purge. Cy-
cle 2 in case 4 in the model calculations was initiated at
the point at which a steady state for the adsorbed iodine
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concentration was reached assuming air exposure. Case
4 was the worst case in terms of reproducibility, possibly
due to the uncertainty associated with oxygen contact dur-
ing manipulation and storage of the coupons. The model,
however, still reproduces the adsorbed iodine concentra-
tion to within = 20%.

The initial concentration of Fe(b). [Fe(h)]o. re-
quired to simulate the data ranged from 1 X 1077 to 2 X
1077 mol-cm™2 and the level of impurities, [Imp],,
ranged from 3 X 107 to 2 X 1078 mol.cm™~2. Note that
the stainless steel coupons (12.7 mm in diameter, 3 mm
in thickness) were all prepared from Type 304-L stain-
less steel rods. Each coupon was washed, sequentially,
in distilled water, 2-propanol, acetone, and methanol,
and then dried at 70°C for 30 min and stored in a des-
iccator until required. The ranges for [Fe(b)], and [Imp],
obtained from the simulations indicates the degree of
surface variation on the samples of Type 304-L stain-
less steel. The impact of the ranges of these key param-
eters on the adsorbed iodine concentration is shown in
Figs. 7 and 8. In these figures, case 3 is simulated using
the minimum and the maximum values of [Fe(b)],
(Fig. 8) and [Imp] (Fig. 7), while the other parameters
are held the same as those used for the simulation pre-
sented in Fig. 3. These ranges result in a 30% variance
in the calculated adsorbed iodine concentrations (per unit
area).

IV. APPLICATION OF MODEL TO STEEL SAMPLING LINES

The adsorption kinetic model was also applied to
model iodine adsorption from flowing air along the length
of stainless steel tubing, using the [Fe()]q and [Imp],
values determined in the coupon studies. This study was
initiated to demonstrate how measurements of iodine ad-
sorption parameters on coupons and tubing are related.
The calculations providc an cstimatc of thc magnitudc of
iodine sorption in sampling lines, although under a very
limited set of conditions. The implications of the results
are discussed, regarding the calibration of I, transmis-
sion from long stainless steel sampling lines used for ra-
diological monitoring of airborne iodine in a reactor
containment building following an accident.

Note that iodine adsorption was studied at room tem-
perature and low relative humidity, which is not the same
conditions expected following an accident. Because the
model has been constructed for iodine adsorption at room
temperature, the results cannot be extrapolated to the high
temperature and relative humidity conditions that could
be seen by sampling lines in an accident, without addi-
tional support.

Modeling iodine behavior along the length of stain-
less steel tubing requires solving a one-dimensional
convection-diffusion mass transport equation including
iodine adsorption and desorption:
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where

C(z, 1) = bulk-gas-phase concentration of I, at time
t and at point z along the length of the tub-
ing (I mol-cm™3)

Vi.(t) = flow velocity through the tubing (cm-s~!)

D = diffusion coefficient of I, in air (or N;)
(cm?2-s71)

W(z,t) = amount of iodine adsorbed at time ¢ and
at point z along the length of the tubing (I
mol-cm™2)

A,/V, = ratio of the tubing inner surface area to
the gas volume contained by the tubing per
length of tubing (cm™1).

The amount of adsorbed iodine, W(z, 1), corresponds to
2-([Fel,] + [Fixed-1,]) at a given ¢ and z.

Equation (19) is essentially a mass balance equa-
tion. The first two terms on the right side of Eq. (19)
represent the changes in the iodine concentration in the

* gas phase as a result of convection and diffusion respec-

tively. The last term represents the change that is due to
its adsorption and desorption on stainless steel. Under
the forced flow conditions expected in sampling lines,
the diffusion term in Eq. (19) can generally be ignored.

To solve the mass balance differential equation, the
adsorption term should be defined. The iodine adsorp-
tion kinetics presented in Table I defines this term. Thus,
by solving the reaction kinetics and the mass transport
simultaneously, the adsorbed iodine profile along the tub-
ing can be obtained. The mass balance equation (19), with-
out the diffusion term, was also solved using FACSIMILE,
which handles transport using finite element analysis. The
tube was divided into eight elements along the length.

To demonstrate the application of the model to the
tubing geometry, a 100-cm length of stainless steel tub-
ing with an interior diameter of 0.46 cm (5-in. tubing)
was chosen. The results arc shown in Figs. 9 through
13. The values of the flow velocity V,, the inlet iodine
concentration [I5(g)],=¢, and the initial concentrations
[Fe(b)]o and [Imp], used in the calculations, are listed
in Table III.

One of the adsorption profiles at various points along
the tube at various times is shown in a three-dimensional
figure in Fig. 9 (simulation case D-1 in Table III). This
figure clearly shows the time-dependent behavior of
iodine adsorption monitored at one point on the tube
would be very different from that observed in a different
point on the tube (Fig. 9). Thus, one cannot extract the
JAN. 2001
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Adsorbed lodine (mol/em?)

Distance (cm)

Fig. 9. Adsorption profiles at various points on the tube at var-
ious times (Simulation D-1). These were calculated
using FACSIMILE, which solves the mass transport
using finite element analysis. The number in the dis-
tance axis represents the distance from the inlet to the
center of each element.

adsorption parameters without considering the mass trans-
port of iodine through the tube, as suggested by Evans
et al.!® and Nugraha!! (see further discussion in Secs. IV
and V). This is because adsorption along the tube is not
uniform. The adsorption rate in one area is dependent on
the gas phase iodine concentration of the upstream zone,
and thus is dependent on z.

Even when the mass transport has been properly taken
into account, the effects of various parameters on the ad-
sorption profile of iodine on stainless steel tubing are com-
plicated. This point is further illustrated in Figs. 10, 11,
and 12, which show the calculated effect of flow rate,
inlet iodine concentration, impurity level on the surface,
and surface variation on normalized iodine adsorption at

IODINE KINETICS UPTAKE ONTO STEEL DURING I-ASSISTED CORROSION

a particular point on the tube. The results in these figures
are given in terms of

1. percentage transmission at the outlet of the tube
(i.e., percentage of the inlet iodine concen-
tration), which is of interest to sampling line ap-
plications for monitoring airborne iodine in
containment following an accident

2. the normalized adsorbed iodine concentration as
a function of time.

IV.A. Effect of Flow Velocity

The effect of flow velocity on the iodine sorption be-
havior on stainless steel tubing is shown in Fig. 10 (sim-
ulation cases A-1, D-1, and E-1 in Table III). For the
simulation cases shown in the figure, [1(g)]0, [Fe(b)]o,
and [Imp]lo were the same. and only the flow velocity
was varied from case to case. In Fig. 10, total gas vol-
ume is used as the x axis to normalize the curves with
respect to the amount of iodine entering the tube in each
case. If the iodine sorption is a simple first-order process
that can be expressed with a single deposition velocity,
the normalized curves (Fig. 10) should be identical. This
is not the case, and the normalized curves show the flow
velocity dependence because of the complex iodine up-
take behavior on stainless steel. However, the deviation
from the linear dependence on flow velocity is less sig-
nificant than that of inlet iodine concentration.

IV.B. Effect of Inlet lodine Concentration

This is probably the most important effect for the
sampling line applcations for monitoring iodine concen-
tration in containment, because the inlet concentration
corresponds to the iodine concentration in containment
that the radiation monitor at the end of the sampling lines
needs to determine. The effect of inlet iodine concentra-
tion on the iodine sorption behavior on stainless steel

TABLE HI
Tube Simulation Parameters*
Simnlation 17 [T2(g)]c-0 [Fe(h)]o [Imp]o
Number (cm-s™Y) (mol-cm™3) {mol-cm~2) (mol-cm~2)
A-1 100 2E—122 1E-7 3E-9
B-1 100 2E—13 1E-7 3E-9
C-1 100 2E-11 1E-7 3E-9
D-1 50 2E—12 1E—-7 3E—-9
D-2 50 2E—12 2E—7 9E—9
E-1 20 2E—12 1E-7 3E-9
F-1 100 2E—12 1E—7 3E—09, but with one element at 3E—8

*Not all simulation results are shown in the figures or discussed in the text.

2Read as 2 X 1072,
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Fig. 10a. Calculated effect of linear flow velocity on simulated transmission through stainless steel tubing. The x axis (volume)
is used to normalize the curves with respect to the amount of iodine entering the tube in each case.
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Fig. 10b. Calculated effect of linear flow velocity on iodine adsorption (at 43.75 cm) in a stainless steel tube. The x axis (volume)
is used to normalize the curves with respect to the amount of iodine entering the tube in each case.

tubing is shown in Fig. 11 (simulation cases A-1, B-1,
and C-1 in Table III, see discussion later for F-1). The
iodine transmission and the adsorbed iodine concentra-
tion were normalized with respect to the inlet iodine con-
centration in the figure. For the simulation cases shown
in the figure, [Fe(b)]o, [Imp]o, and V, were the same
and only [I,(g)], was varied from case to case.

As with the dependence on flow velocity, if the io-
dine sorption is a simple first-order process that can be
expressed with a single deposition velocity, the normal-
ized curves should be identical. The normalized curves
show the inlct iodinc concentration dependence because

a4

of the complex iodine uptake behavior on stainless steel.
This illustrates that even under the same flow and sur-
face conditions, the percentage transmission strongly de-
pends on the inlet concentration, and that the calibration
of iodine transmission through sampling lines would be
complicated. Note that the outlet iodine concentration can
temporarily exceed the inlet concentration in certain cases
when the desorption rate within the tube exceeds the ad-
sorption rate (simulation B-1 in Fig. 11a).

Figure 11b further illustrates the inadequacy of using
a single deposition velocity to describe iodine sorption
behavior on stainless steel. If one monitors iodine uptake
JAN. 2001
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Fig. 11a. Calculated effect of inlet iodine concentration on simulated transmission through stainless steel tubing.
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Fig. 11b. Calculated effect of inlet iodine concentration on iodine adsorption (at 93.75 cm) in a stainless steel tube. Adsorbed
iodine has been normalized to inlet iodine concentration [adsorbed iodine concentration (mol/cm?) divided by inlet

concentration (mol/cm?)].

at a certain point on the tube, one would obtain a dif-
ferent deposition velocity depending on the inlet iodine
concentration, which might be interpreted as having a
different adsorption mechanism depending on the inlet
concentration (see further discussion in Secs. IV and V).
Note that all the simulation cases for the tubing geom-
etry use the same adsorption mechanism given in Table I.

IV.C. Effect of Impurity Level and Surface Variation

This effect is also important for the sampling line
applications for monitoring iodine concentration in con-
tainment, because it determines the uncertainty in the

NUCLEAR TECHNOLOGY
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calibration of iodine transmission, arising from the vari-
ation in surface inherent to untreated stainless steel. Fig-
ure 12 shows the calculated differences in iodine
transmission for the same inlet iodine concentration and
flow velocity conditions but for different stainless steel
surfaces, i.e., for different [Fe(b)], and [Imp] (simu-
lation cases D-1 and D-2 in Table III). The ranges of
{Fe(b)]o and [Imp], used for the simulations presented
in the figure are within their ranges obtained from the
simulation of coupon studies, and they correspond to
the degree of surface variation on the samples of Type
304-L stainless steel (Sec. II1.B). Comparison of Figs. 11

and 12 indicates that the difference in the transmission
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Fig. 12. Calculated effect of impurities and surface iron concentration on simulated transmission through stainless steel wbing.
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Fig. 13. Calculated iodine loading in a tube that has a higher impurity concentration in the fifth element (simulation F-1, 48 h of

loading).

due to stainless steel surface variation would be far
greater than the difference in the transmission due to
more than an order of magnitude difference in the inlet
iodine concentration.

The impact of impurity on iodine transmission is
further illustrated by simulation case F-1 in Figs. 11a
and 13. The only difference between simulation cases
A-1 and F-1 shown in the figure was the impurity level
(Table III). The impurity level for A-1 was set to be
3 X 107? mol-cm™2 The impurity level for F-1 was the
same as A-1 for most of the elements, except the fifth
element (50 to 62.5 cm from the inlet), where the im-
purity level was set to be 3 X 1078 mol-cm™2 Thus, if
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a portion of the tube has a high concentration of impu-
rities, adsorption scans with peaks such as those re-
ported by Lee and Jester'* are possible. Figure 13 shows
that a spuriously high adsorption can occur at a position
where higher levels of impurities are present on the tub-
ing. This will also decrease the transmission of iodine
through the tube (Fig. 11a).

1V.D. Implications for lodine Sampling Line Calibration

Todine is easily adsorbed on stainless steel. Depend-
ing on the conditions, achieving 100% transmission
through a long stainless steel tube may take too long to
JAN. 2001
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be useful (see Figs. 11a and 12). It may be possible to
calculate the inlet iodine concentration if the transmis-
sion can be calibrated. However, the simulations shown
earlier indicate that it may not be feasible considering
the effect that uncertainty in bulk iron (Fe(b)) and im-
purity concentration has on transmission (see Fig. 12).
The uncertainty in the transmission due to a typical sur-
face variation of untreated stainless steel would be too
large to allow for an adequate estimate of iodine trans-
mission through a long tube of untreated stainless steel
surface.

Iodine sorption on a stainless steel surface is known
to be reduced by various surface treatments such as elec-
tropolishing or acid treatment.” These surface treat-
ments, heat treatment, removal of organic impurities, and
high flow velocity to minimized time in the line have
been suggested to improve iodine transmission and thus
to avoid the problems associated with the calibration of
the line.!?

Note that care must be taken when applying the re-
sults presented here to sampling in an accident where the
temperature and relative humidity are high. It is possible
that iodine adsorption mechanisms at a high humidity and
a high temperature may be very different from that ob-
served at room temperature and a low relative humidity.
In addition, a large fraction of gaseous iodine species in
containment following an accident would be organic io-
dides such as CH,1 (Refs. 5 and 6). Organic iodides are
in general less reactive with surfaces as Lee and Jester'?
have shown that CH;1 does not deposit on stainless steel.

V. COMPARISON WITH OTHER WORK

The model presented in this work incorporates mech-
anisms for both the oxidation of stainless steel surfaces
and the desorption of iodine, coupled with a physical
model for the transport of iodine. The model is consis-
teut with the experimental findings of many other groups
and addresses previously unexplained phenomena.

Previous analyses of iodine adsorption on surfaces
often delscribe adsorption using a deposition velocity, v,
(cm-s71):

I,(g) — I(ad) (20)
d[L(g)] A dllad)]
A
=Ud'V‘[Iz(g)] , 21

where & (s71) = v,-(A/V) (Refs. 10 and 11). However.
our model and the simulation results have shown that be-
cause of the interconversion between the species, and the
accompanying desorption of iodine, a simple deposition
velocity may be neither an appropriate nor a sufficient
NUCLEAR TECHNOLOGY
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parameter to describe iodine adsorption on stainless steel
surfaces. The use of deposition velocities is more suited
to processes that are known to involve only one step.

The large differences in the deposition velocity as a
function of distance from the inlet of stainless steel tubes
as observed by Lee and Jester!? suggests that the use of
a simple deposition velocity is inadequate for use in sam-
pling lines under those conditions. The present model is
consistent with Lee’s findings that transmission of io-
dine in sampling lines was dependent on sampling flow
rate (see Fig. 10a) and the presence of surface contami-
nants (see Figs. 11a and 12).

The inadequacy of using a simple deposition veloc-
ity, without accounting for iodine transport, is also dem-
onstrated by the findings of Evans et al.'” and Nugraha,'!
who, using a deposition velocity model without consid-
ering iodine transport through the tube, were unable to
explain why iodine adsorption on stainless steel ap-
peared to be very different at low iodine concentrations
than at high iodine concentrations. The results can be ra-
tionalized by the present model, however, which pre-
dicts that the iodine concentration will have a more
complex (i.e., nonlinear) impact on the time-dependent
adsorption/transmission behavior.

Finally, the simple deposition velocity approach to
modeling, even when used in conjunction with corrosion
models!? cannot account for the iodine desorption be-
havior observed in experiments reported here and by
Rosenberg et al."™* In agreement with our experiments,
Rosenberg reports that deposited iodine appears to be
gradually incorporated within corrosion centers on stain-
less steel, and the extent of corrosion was insignificant
in helium, but significant in air. Furthermore, he found
that desorption of iodine from stainless steel was en-
hanced in dry air over that in a steam-air mixture, evi-
dence that the amount of oxygen in the atmosphere
controls desorption.

V. CONCLUSIONS

Several conclusions can be drawn from this study:

1. Iodine adsorption on stainless steel surfaces at
room temperature and low relative humidity can be sim-
nlated nsing a very simple model consisting of four re-
actions listed in Table I.

2. The model accounts for several key observations
made during the gaseous iodine sorption experiments on
untreated stainless steel coupons reported previously”’:

a. There is higher iodine loading on the surface
in the abscnce of oxygen, compared to in the
presence of oxygen.

b. There is more significant surface deteriora-
tion under oxygenated conditions.
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¢. lodine does not desorb under nitrogen purge
and only partially desorbs during an air purge.

d. The fraction of iodine remaining in the sur-
face increases upon repeated adsorption/
desorption cycles.

3. The values fur two of the model parameters, the
impurity level on the surface, [Imp],, and the concen-
tration of total reactive metal, [Fe(b)],, were surface spe-
cific and were not available. Thus, for the simulation of
the coupon studies, they were adjusted to give best fits.
The ranges of these parameters, obtained from the sim-
ulations of the coupon studies, from 1 X 10" 7t02 X 1077
mol-ecm™2 for [Fe(b)]p and from 3 X 107 to 2 X 108
mol-cm™2 for [ Imp],, are considered to be the degree of
surface variation expected in untreated stainless steel. For
a given iodine concentration in the flow (constant with
time), these ranges result in a 30% variance in the cal-
culated adsorbed iodine concentrations (per unit area) at
room temperature and a low relative humidity.

4. The same iodine adsorption model was then ap-
plied to simulate iodine migration through stainless steel
tubing. The simulation results illustrate the following:

a. the difficulties in quantifying iodine adsorp-
tion for the purpose of calibrating transmission

b. the problems with using tubing experiments to
extract adsorption parameters, without consid-
eration of mass transport

c. the inadequacy of using a simple deposition
velocity in describing iodine sorption on stain-
less steel.

5. Although they result in a small variance in the
adsorbed iodine concentration per unit area, the ranges
of the key adsorption parameters [i.e., bulk iron (Fe(b))
and impurity concentrations] are too large to allow for
an adequate estimate of the iodine transmission through
a long tube of untreated stainless steel, even when tem-
perature and a relative humidity are conuolled. Surface
preparation, consistency in the surface along the tubing,
and exclusion of impurities are therefore very important.
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