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Abstract

The adsorption and desorption of gaseous iodine on stainless steel was studied at low temperature under atmo-
spheric conditions. Sorption kinetics were studied by measuring the 131 tracer activity on a stainless steel coupon during
loading and purging. Scanning electron microscopy (SEM) photographs and energy dispersive X-ray (EDX) analyses
were also obtained at various stages of loading and purging. The iodine uptake and corrosion on stainless steel surface
was extensive at room temperature, particularly in air. The adsorbed iodine desorbed only during purging with air and
not with N,. This desorption behaviour and the extensive iodine-catalysed corrosion in air are explained by the reaction
of oxygen with Fel, to form iron oxyiodide (Fel.O,) solids, and by significant volume changes associated with the
formation of Fel, and Fel,O,. These volume changes continuously generate cracks and grain boundaries through
which I, can diffuse to react with Fe. © 1999 Published by Elsevier Science B.V. All rights reserved.

1. Introduction

Todine 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
conditions, the iodine released from fuel into the con-
tainment building would be primarily in its reduced state
as cesium iodide, and thus would be easily dissolved in
the water originating from the discharged coolant and
any safety systems present [1-4]. However, in a fuel-
handling accident in which fuel is assumed to be exposed
to the dry oxidizing containment atmosphere during fuel
heat-up, a large fraction of the iodine released from fuel
may be in the form of gaseous I,. Some Canadian
Deuterium Uranium (CANDU® ') reactor safety ana-
lyses assume that, in this accident, iodine is released
from fuel into containment entirely as I,, but credit
neither the iodine deposition on containment surfaces
nor the removal of iodine by dousing water. This is not
realistic or appropriate; not all iodine would escape the

* Corresponding author. Tel.: +1-613 584 3311; fax: +1-613
584 1220; e-mail: wrenc@aecl.ca.

! CANDUE® is a registered trademark of Atomic Energy of
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containment building because I,, being a very reactive
molecule, would be easily removed by natural processes
(dissolution in water and deposition on various surfaces)
or because of engineered processes (e.g., spray dousing),
or because of both of these possibilities.

The work presented here was initiated to develop an
understanding of the interaction of I, with a wide variety
of reactor materials and surfaces that can be used to
predict the iodine behaviour in containment following
an accident. As stainless steel is one of the materials used
in containment, the ability to predict the extent of I,
interaction with steel surfaces following an accident is
desirable. Although this work is most crucial to under-
standing the iodine behaviour in containment following
a dry fuel handling accident in which the iodine is
present mainly as I, it is also useful to other accident
cases where, although the airborne iodine fraction is
small, it is still present mainly as I,. The results of this
work may also be of interest to the Pressurised Water
Reactor (PWR) safety analyses of other accidents. The
current PWR safety analyses [5], subject to on-going
debate [6], assume that the initial iodine speciation in
containment following a Loss-of-Coolant Accident
(LOCA) is I,:Csl:organic iodide in the ratios 91:5:4.

Quantifying the interaction of iodine with stainless
steel at ambient temperatures may also be important in
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any attempt to calibrate the gas sampling lines. Such
lines are present in many nuclear power stations for
various purposes. Depending upon the application,
factors. affecting the transmission of various species
through these lines néeds to be understood, and there is
a potential for applying data on iodine sorption for that
purpose.

Although iodine deposition on steel surfaces has been
studied previously, most of these early studies were
performed with the objective of quantifying iodine de-
position in the primary heat transport system (PHTS)
and, thus, dealt mostly with high temperatures (>200°C)
in reducing H, and steam environments [7-32}. Low
temperature data are scarce, and the results that do exist
often appear to contradict those obtained in high-tem-
perature studies. There is evidence that jodine chemistry
at low temperatures is more complicated than at high
temperatures [33,34]. We have studied, under ambient
temperature and atmospheric conditions, iodine ad-
sorption and desorption kinetics on various stainless
steel surfaces (i.e., untreated, electropolished and nitric-
acid treated), and performed the surface analyses at
various stages of adsorption and desorption. Based on
these results, potential mechanisms for the interaction of
iodine with stainless steel are proposed.

2. Experimental

Todine sorption behaviour on stainless steel surfaces
was studied in the apparatus shown in Fig. 1. Coupons

were placed in a glass flow cell and exposed to a con-
tinuous flow of N, or air containing I, at room tem-
perature. No attempt was made to control relative
humidity, but it was measured and found to be usually
in the range of 32-35%. The iodine generation vessel
contained 250 ml of a trace-labeled CsI solution. At the
start of a test, the solution was acidified with 1 ml of
dilute HC1 and 5 ml of 0.1 M H,0, was added to gen-
erate I,. The pump then recirculated the gas flow
through the iodine generator at 2 I/min, while a known
fraction (about 5%) of the flow passed through a TEDA-
impregnated charcoal filter. The "*'I activity accumu-
lated on the filter was periodically measured to deter-
mine the gas phase iodine concentration. When the gas
phase was approximately 1 x 10~ mol dm™ (ranging
from 9 x 10-° to 1.2 x 10~® mol dm™3), the coupon
chamber was valved in to begin the adsorption onto the
coupon. This concentration is of the order of the max-
imum I, concentration expected in a fuel handling ac-
cident, and also the gas phase iodine concentration
observed in our intermediate scale studies in the Ra-
dioiodine Test Facility (RTF) under LOCA conditions
(see Section 4 for more detail). Differences in iodine
concentrations for each experiment are believed to be
due to minor differences (such as pH, temperature) in
each trace-labeled iodide solution. Loading was contin-
ued, in general, until saturation or a steady state in the
adsorbed iodine concentration was reached.

The adsorbed iodine concentration was followed as a
function of time during loading and purging through the
use of a Nal gamma detector mounted next to the
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i = Shut-off valves
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Fig. 1. Schematic diagram of iodine sorption apparatus.
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coupon chamber. This counter was calibrated by ap-
propriately scaling the data to an iodine loading ob-
tained off-line in a well-type Nal detector. Data were
corrected for background activity and *'I decay before
being converted to the adsorbed iodine concentration in
units of mol cm~2, and normalized to account for dif-
ferences in the gas phase iodine loading concentration.
Geometric coupon surface area was used to calculate the
surface concentration, even though differences in surface
roughness were evident in variously treated samples. The
normalization with respect to the iodine loading con-
centration was based on the fact that both the iodine
deposition velocity and saturation capacity have been
observed to depend linearly on the iodine loading con-
centration [12,20].

Purging with N, or air followed once saturation was
reached. The coupon chamber was then isolated and the
appropriate desorption gas flow was so connected that it
entered into the coupon chamber and exited through a
carbon filter. The flow path during purging was some-
what different from loading and the gas flow rate during
purging was half of the loading flow rate. The differences
between the loading and purging flow conditions were
mainly due to the convenience in setting up the test rig
and should not affect the interpretation of the results.
Desorption continued for at least 24 h, before the cou-
pon was removed and placed in an inert atmosphere to
await further analysis.

The stainless steel coupons (12.7 mm in diameter, 3
mm in thickness) were all prepared from 304-1 stainless
steel. Following a desired surface preparation, i.e. elec-
tropolished, nitric acid treated, or untreated, each
coupon was washed, sequentially, in distilled water, 2-
propanol, acetone and methanol. They were then dried
at 70°C for 30 min and stored in a desiccator until re-
quired. During electropolishing, the coupon was placed
in a polishing bath of H;PO, (63%), H,80, (15%) and
H,0 (22%). The coupon was then agitated in the bath

7.E-08

for 30 min at approximately 5 V and 3 A. Nitric acid
treatment consisted of placing the coupon in concen-
trated nitric acid for 2 h.

TIodine loading and purging on the samples for
surface analyses were prepared in much the same
manner, except the iodine source was not trace la-
beled. Samples were removed from the coupon
chamber and stored in a vial until the surface analysis
could be performed. Although the samples were
stored under nitrogen between analysis and loading,
rigorous attempts to exclude oxygen were not made.
Moreover, even the nitrogen used during loading and
purging is suspected to have contained trace amounts
of oxygen.

Photographs obtained from secondary electron im-
ages using a JOEL JSM-6300V scanning electron mi-
croscope (SEM) and the energy dispersive X-ray (EDX)
spectra acquired on the same system were the main
surface analyses used in this study. The EDX spectros-
copy provides qualitative elemental analysis. The X-ray
photoelectron spectroscopy (XPS) analysis was also
performed on a few samples to determine the nature of
iodine adsorbed on stainless steel surface.

3. Results
3.1. Kinetics of I, interaction with stainless steel

3.1.1. Iodine sorption behaviour during loading

Figs. 2-6 show the adsorbed iodine concentration as
a function of time observed during loading and during
purging on untreated, electropolished and nitric-acid
treated coupons. On all three stainless steel surfaces, the
adsorbed iodine concentration initially increases linearly
with time but then slows down. A steady state was
reached after ~10 h in all cases, except for the loading of
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I'ig. 2. Concentration of adsorbed iodine on various stainless steel coupons during loading in N». Gas-phase iodine concentrations
were untreated, 8.7 x 10~ mol cm™?; electropolished, 3.5 x 10-'2 mol em™*; and nitric acid, 5.7 x 10-'2 mol em™.
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Fig. 3. Concentration of adsorbed iodine on various stainless steel coupons during loading in air. Gas-phase iodine concentrations
were untreated, 2.2 x 10~'2 mol cm=3; electropolished, 2.3 x 10~'2 mol cm~3; and nitric acid, 1.3 x 10-*? mol cm™.
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Fig. 4. Iodine on untreated coupon during loading in air and subsequent purging in N,. The gas phase iodine concentration during
loading was 2.1 x 10~'2 mol cm~3.
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Fig. 5. lodine on an untreated coupon during loading and purging in air. The gas phase iodine concentration during loading was
2.2 x 107> mol em™.



J.C. Wren et al. | Journal of Nuclear Materials 265 (1999) 161-177 165

Nitrogen Air
8.E-08 1 Desorption  Desorption
Begins Begins
2 y
g 6.E-08 1
2
g
¥ 4E08
=
&
-l
2.E-08 +
0.E+00 ¥

0 20 40 60 80

100 120 140 160 180 200

Time (h)

Fig. 6. lodine loading in N, followed by purging with N, and then with air. The gas phase iodine concentration during loading was

4.1 x 1072 mol cm™3.

an untreated surface in N,. In the latter case, the ad-
sorbed iodine concentration increased linearly for a long
(>100 h) time (Fig. 2).

Two adsorption parameters were extracted from the
adsorption curve: the apparent iodine deposition veloc-
ity from the initial slope and the saturation capacity
from the final steady-state concentration. These pa-
rameter values are listed in Table 1.

The saturation capacity was observed to increase
linearly with I, loading concentration and is listed in
Table 1 in units of cm, i.e., normalized to the iodine
loading concentration. The iodine deposition rate also
showed a linear dependence on the I, loading concen-
tration and is tabulated (Table 1) as an apparent depo-
sition velocity, v.pp. The deposition velocity is essentially
the rate coefficient of the overall adsorption process
represented by

I(g) — 2I(ad), (1)
with an overall rate law

d[I(ad)]/dt = vapp[L2(8)]- (2)
Assuming a constant [I»(g)],

(I(ad)], = vapp{T2(g)}ot- (3)

1t should be noted that the use of the apparent deposi-
tion velocity does not necessarily suggest that the ad-
sorption of iodine on a steel surface can be described

Table 1

Adsorption parameters observed for I, on stainless steel surfaces

simply by Reaction (1). The detailed sorption mecha-
nism needs to be elucidated.

When loading was performed in a near-oxygen-free
(i.e., humid N,/I,) atmosphere, the apparent iodine de-
position velocity on all three surfaces was observed to be
about the same. However, the saturation capacity was
about an order of magnitude greater on an untreated
surface than on an electropolished or nitric-acid treated
surface. Although the microscopic surface areas of the
coupons were not determined in these studies, SEM
images showed that electropolishing and acid-treatment
smoothed the surfaces, reducing the effective surface
areas (see Section 3.2) of the treated coupons.

In humid air/I,, the apparent deposition velocity was
greatest on an untreated surface, followed by an elec-
tropolished surface and then nitric-acid treated stainless
steel surface (Fig. 3). The saturation capacity showed
the same trend.

For an untreated surface, the presence of oxygen in
the carrier gas appears to increase the apparent deposi-
tion velocity but lower the iodine adsorption capacity.
For an electropolished surface, there appeared to be no
significant changes in the iodine deposition velocity and
saturation capacity because of the presence of oxygen in
the gas flow mixture. For a nitric-acid treated surface,
both the apparent deposition velocity and the saturation
capacity were reduced in humid air/l;, compared with
that observed in humid N>/I.

Type of surface Deposition velocity (cm h™')

Normalized saturation capacity (cm)

In air In N» In air In N,
Untreated 20+05x 10° 7+2x10° 2.0 £ 0.5 x 10 >8 + 2 x 10*
Ilectropolished 5%2x10° 612x%x 10 4+2x10° 5+ 2x10°
Nitric acid treated 1+0.5x10° 10+ 3 x 10° 2.0 £0.5x 10° g+ 2x10°
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3.1.2. Desorption of iodine during purging

The reaction of oxygen with adsorbed iodine appears
to be mainly responsible for the desorption of iodine
from stainless steel surfaces at room temperature. De-
sorption of iodine from all stainless steel surfaces was
negligible during purging with N, (Fig. 4). Significant
desorption was observed only during purging with air
(Fig. 5). This was particularly apparent when the purg-
ing gas was switched from N, to air (Fig. 6).

The desorption of iodine during purging with air did
not follow simple first-order kinetics. Complete de-
sorption of iodine was not obtained in any case, indi-
cating that some iodine was irreversibly adsorbed. When
this fraction was accounted for, the remainder of the
iodine showed first-order desorption kinetics (see Sec-
tion 4 for a detailed discussion).

3.1.3. Multiple cycle studies

We also performed muitiple cycles (up to four) of
loading and purging. The normalized adsorption curves
during iodine loading in air on an untreated surface were

very similar (Fig. 7(a)), although the absolute adsorbed
concentration varied from cycle to cycle depending
mainly on the gas-phase I, concentration. The adsorbed
jodine concentration in the first cycle shows a slower
increase for a short period, probably because of initial
adsorption on defect sites. This initial rate is thought to
vary considerably from one surface to another. How-
ever, after the initial delay, the adsorbed iodine con-
centration increased at a rate similar to those observed
in subsequent cycles. In contrast, the desorption during
purging with air progressively slowed down, and the
fraction of iodine released was smaller with each cycle
(Fig. 7(b)). The other surface preparations showed
similar behaviour.

3.2. Surface analysis

3.2.1. Prior to iodine exposure

Analyses using SEM and EDX were performed on
the surfaces at various stages of the iodine sorption. The
SEM photographs of these surfaces taken prior to
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Fig. 7. (a) Jodine loading of four consecutive cycles on an untreated surface normalized to the maximum concentration adsorbed. (b)
Normalized Jodine loading during the desorption phase of four consecutive adsorption/desorption cycles using the same untreated

coupon.
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exposure to I, show that electropolishing and nitric acid
treatments smooth the stainless steel surface, reducing
the effective surface area (Fig. 8(a)). It was speculated
that these surface treatments might enhance chromium
content on the surface; however, this could not be ob-
served in EDX spectra. The EDX of treated and un-
treated surfaces show the same ratio of the Fe (at 6.4
keV) to Cr peak (at 5.4 keV). The oxygen peak is not
prominent in the EDX spectra, probably because the
oxide layers are thin on the stainless steel coupons. A
typical EDX spectrum of a surface prior to I exposure
is given in Fig. 8(b).

3.2.2. Untreated coupons exposed to I,(g)

3.2.2.1. Loading in N,. Figs. 9-11 show the SEM and
EDX of untreated stainless steel following exposure to
an air or N, stream containing I,. Following loading in
N,, the surface appears to become smoother, which may
indicate that the iodine adsorption is rather uniform.
The surface was also dotted with particles of the order of
0.1 um (Fig. 9(2)). No further change was observed as a
result of subsequent purging with N,. These particles
appear to be spread evenly over the surface, but are
somewhat more concentrated around defected areas of
the surface. The EDX spectrum suggests that these
particles are iodine compounds (Fig. 9(b)). The particles
also contained higher amounts of sulfur and copper than
the bulk surface.

We have performed XPS analysis on iodine deposits
that show iodine peaks at —630.9 and —-619.5 €V, sug-
gesting that iodine is in the form of metal jodides. It is
difficult, however, to distinguish between specific metal
jodides (iron, chromium or nickel iodides) because of the
similarities in their binding energies [35].

Bigger iodide containing particles of ~10 um, which
were sometimes observed in a few places, appeared to be
due to contamination during the preparation of the
coupons, i.e. cutting and polishing, as shown by the
tungsten (W) and silicon (Si) peaks in their EDX spec-
tra. This suggests that the contaminated areas facilitated
iodide scale formation.

3.2.2.2. Loading in Air. . The change on an untreated
surface following 1, loading in air was significant with
the formation of large solid particles ~1 pm in depth
and ~10 pm in width (Fig. 10(a) and 11). These solids
appear to have grown up to ~100 um in length along the
direction of the surface grain, but show cracks about
every ~10 um probably because of significant volume
changes as a result of the growth of the solid.

The EDX of this type of solid shows iodine peaks at
~4 keV and an oxygen peak at ~0.5 keV (Fig. 10(b)).
The EDX also shows an increased ratio of Fe to Cr
compared to the areas unaffected by iodine or the con-
rolled samiples. The EDX spectrum ol the unaflected
wrcas shown in Fig. 10(a) was observed (o be the same as

that of the samples before adsorption, as shown in
Fig. 8(b). All the solids formed on any surface in this
study showed an increased ratio of Fe to Cr in their
EDX spectra, compared to an unaffected area. (It should
be noted that the peak intensity of EDX is difficult to
correlate to concentration due to different X-ray dis-
persion on different surfaces. However, since these solids
are large and have relatively smooth surfaces and the X-
ray energies of Cr and Fe are similar, qualitative com-
parison of the EDX peaks from these solids and from
unaffected areas may still be made. Furthermore, be-
cause the solids are porous and only about 1 pm thick,
the areas underneath the solids may also have contrib-
uted to the EDX signal.) The increase in the Fe to Cr
ratio and the presence of oxygen indicate that a signifi-
cant amount of iron had reacted and then migrated to
the surface to form Fel;, FelO and Fe,O,. These solids
had also grown outward, further supporting the migra-
tion of Fe to the surfaces (further discussion in Sec-
tion 4).

The SEM of the stainless steel surfaces exposed to I
in air also show areas where it appears that large sec-
tions of solid scale had grown but had fallen off, ex-
posing the metal surface underneath (Fig. 10(a)). (The
fraction of these exposed areas compared to those cov-
ered with solids was small.) The areas where the sections
of solid scale had fallen off appear to be resistant to
further iodine adsorption. The exact locations of some
spots for SEM measurement were marked and revisited.
We did not observe any further solid formation on these
areas when the surface was exposed to another cycle of
loading and purging. We postulate that this is due to the
richer Cr content of these areas which results from the
migration of Fe to the surface for the reactions with I,
and O,. The chromium enriched surface can form more
stable and subsequently unreactive chromium oxide
layers during the exposure to air.

No further change in the SEM images or EDX
spectra was observed as the result of subsequent purging
with N,. However, it appeared that during air purging
after iodine loading in air, the cracks widened and the
solids formed during loading were attacked (compare
Fig. 11 with Fig. 10(a)). One possibility is that iron-io-
dide-oxides were continually formed from Fel, during
purging in air, progressively shrinking the solids and
widening the cracks.

3.2.3. Nitric acid treated coupons exposed to 1.(g)

The effect of the nitric acid treatment is to smooth the
surface, by dissolution of surface asperities. Irregulari-
ties in the meta! surface are removed under passive
conditions by a variable dissolution rate mechanism.
Nitric acid treatment is commonly used (o passivate steel
surfaces.

After one eyele of Toading and putging moan large
rounded deposits are Ieft in a arcular pattern, which
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Fig. 8. (a) SEM photograph of surface of (a) untreated, (b) nitric acid treated, and (c) electropolished coupon prior to iodine ad-
sorption. (b) Typical EDX spectrum of coupon surface prior to iodine adsorption.
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Fig. 9. (a) SEM Photograph of untreated coupon after one cycle of iodine adsorption and desorption in nitrogen. Arrow shows
approximate location of EDX analyses. (b) EDX spectrum of area indicated in Fig. 9(a).
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Fig. 10. (a) SEM photograph of surface of an untreated coupon after air adsorption and N: desorption. White arrow indicates ap-
proximate location where EDX analysis was made. (b) EDX spectrum of area indicated in SEM photograph in Fig. 10(a).

seems to follow the remnants of grooves cut into the This suggests that iodine-gssisted corrosion  occurs
surface during production of the coupon (Fig. 12(a)). more readily at the faults in the surface structure.
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Fig. 11. SEM photograph of surface of untreated coupon after
iodine adsorption in air and desorption in air.

which are less plentiful than on the untreated cou-
pons.

The growth structures seem to be a mixture of metal
iodides and oxides, much like those seen on the un-
treated surfaces. The deposits seem to be larger (~50 pm
across), but fewer, which may be due to the decrease in
the number of sites that can initiate metal iodide growth.
The acid treatment may also have decreased the amount
of Fe available for iodine reaction, making iodide (and
oxide) formation less favourable but more orderly. Some
of the deposits are cracked, which may be due to a
volume change as iodine is replaced by oxygen in the
solid matrix.

3.2.4. Electropolished coupons exposed to I.(g)
Electropolishing is a process of smoothing a metal
surface to produce a bright surface through anodic
dissolution in an acidic (or basic) solution (Fig. 8(a)).
Material is removed from the surface in such a manner
that peaks, depressions and cracks are smoothed out,
leaving a less defective, cleaner surface without the
problems associated with a mechanical preparation.
Mechanical processes (cutting and polishing) tend to
leave stressed and disturbed regions of surface metal
which may have properties (electrochemical. mechani-
cal, reflective) that differ from those of the bulk metal.
Prior to adsorption, the electropolished coupon sur-
face displays pitting, possibly because of the dissolution
of non-metallic inclusions, but shows less of the original
coupon cut marks. Most of the iodine deposition on the
electropolished surface seems to have been initiated in
the pits that were formed during electropolishing. The
deposits are similar in size to the original pits. and the

solid seems to be growing inward (Fig. 13). The EDX
spectrum of the material in the pits shows iodine peaks.

4. Discussion

Stainless steel is a complex alloy, composed princi-
pally of iron, nickel and chromium, but aiso contains
numerous lesser alloying and trace elements. Moreover,
the metal surface is normally rough and covered by
oxides whose thickness and composition may vary sub-
stantially. As a result, a stainless steel surface offers a
wide variety of adsorption or reaction sites that have
different affinities for iodine. The availability of reactive
species, metallic elements or their cations or film-form-
ing anions, will also be very complex and may be im-
portant in determining the kinetics of the stainless steel
interaction with iodine. Surface treatments, such as
preoxidation, electropolishing and mechanical polishing,
prior to exposure to iodine, will change the surface
morphology, area and composition (including the ox-
ide). Because halogens are known to cause corrosion of
stainless steel surfaces, iodine-catalysed corrosion may
be an important factor under humid conditions [9,10].

4.1. Nature of adsorbed iodine

It has been speculated that iodine is mainly physically
adsorbed on stainless steel surfaces at room tempera-
ture. However, desorption of iodine from iodine-loaded
stainless steel surfaces was observed only during purging
with air but not with N, indicating that the iodine de-
posited on stainless steel at this temperature is not
physically adsorbed but chemically bound on the sur-
faces.

The XPS analysis of the iodine deposited on stainless
steel showed that it is in the —1 oxidation state as metal
iodide (the results not shown here). Rosenberg et al. {12]
studied the dissolution of iodine from iodine-saturated
stainless steel surfaces into I,, Fel. and other iodide
saturated water and established that iodine is adsorbed
mainly as Fel,. In their study, iodine was loaded on
stainless steel at 115°C. We expect that iodine also ad-
sorbs initially on defect sites to form solid Fel, at room
temperature. Further iodination to form Fel; is not
likely since it is thermodynamically less stable than Fel,.
The oxides of iron in an oxidation state greater than +2
are also more thermodynamically stable in air than Fel,.
Thus the reaction of Fe** and I, can be ruled out, and
Fel-> must be formed from iron in an oxidation state less
than +2 (referred to as elemental Fe hereafter). In air,
the adsorbed iodine appears to react further with oxy-
gen, forming Fel,O,. The exact nature of the solids
formed was not determined in this study, but is thought
to consist of Felo. FelO and iron oxides (for further
discussion see below).
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Fig. 12. (a) SEM photograph of surface of nitric acid treated coupon after first cycle. (b) EDX spectrum from area indicated in
Fig. 12(a).

It has been speculated that. under humid conditions. The thermodynamic properties of this species are not
the iron iodide forms a stable hydrate. Fel- - 4H-O [12]. known. From comparison with analogous chloride
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Fig. 13. SEM photograph of surface of electropolished coupon
after iodine loading and desorption.

compounds [36], we speculate that Fel, - 4H,O is as
stable as most iron oxides and that further reaction with
oxygen is not favourable. If hydrated iron iodide is the
main species formed during iodine adsorption, then the
desorption during air purging following loading in N
should be different from that following loading in air.
Their first-order desorption rate constants were Very
similar, suggesting that formation of Fel, - 4H-O is not
important under our experimental conditions.

Nickel is also known to adsorb iodine, but the ad-
sorption capacity of bulk metal Ni for I, was observed
to be much smaller than that of Fe {12]. The reactivity of
the nickel in stainless steel with iodine i1s not known.
Chromium enrichment in stainless steel is known to in-
crease its resistance to further oxidation by forming a
protective oxide layer. The protective chromium-based
oxide films may also be less reactive toward I,.

4.2. Iodine interaction with untreated stainless steel in N-»

On untreated stainless steel, considerably different
iodine sorption behaviour and surface changes were
observed, depending on whether the iodine loading was
done in N, or air. After loading in N, the surface ap-
peared to be smoother on the SEM picture, indicating
that a relatively uniform Fel, layer was formed on the
surface. However, this film could not be confirmed by
EDX because of the large contribution from the metal
underneath the thin Fel layer to the spectra. The EDX
of the area containing the sub-micrometre particles
shows that the particles are iodine compounds, pre-
sumably Fel-.

The amoum of iodine adsorbed on the untreated
stainless steel after ~50 h loading in N> was about

1 x 1077 mol cm™2. Assuming randomly oriented Fel,
‘molecules’ on the geometric surface area (~21 A? Fel>
area [37]), the amount of jodine adsorbed during the first
cycle corresponds to ~126 monolayers (a depth of 58
nm). Because a steady state in the adsorption curve was
not achieved within the 50 h loading period, the ad-
sorbed amount is far less than the maximum adsorption
capacity of the untreated surface for I, in N,.

The reaction of iodine with an untreated stainless
steel surface in N, is extensive. Such extensive reaction
with I, without the need for the presence of a liquid
electrolyte at room temperature is somewhat perplexing.
The migration of elemental Fe through the Fel solid
should be negligible at room temperature. Because of
this, iodine sorption through tiny droplets or a thin film
of water (formed on the surface under humid condi-
tions) has been proposed [38). However, the iodine ad-
sorption behaviour and the resulting surface changes
were very different in N, and air atmospheres in this
study, while the relative humidity was the same. This
suggests that a moisture-mediated reaction is not the
primary mechanism.

The adsorbed iodine concentration on an untreated
surface during loading in N, shows a linear increase for
a long time, following an initial rapid transient (Fig. 6).
The rapid initial adsorption is probably the result of the
iodine reaction at defect sites readily available on an
untreated surface. This initial adsorption rate is thus
expected to vary considerably from one surface to an-
other. In fact, in the other case of N loading (Fig. 2),
the initial rate was slower and lasted for a shorter time.
The later linear increase showing a constant adsorption
rate observed for a long time without reaching a steady
state is rather uncommon. One potential explanation for
the extent of the gas/solid iodine reaction with stainless
steel in N, is that the volume change caused by the
formation of Fel, scale creates grain boundaries and
cracks through which I, can diffuse to react with ele-
mental Fe underneath the scale. With the formation of
cracks accompanying film growth, the reaction of gas
molecules with elemental metal can continue for a long
time at a constant reaction rate.

4.3. Iodine interaction with untreated stainless steel in air

The adsorption capacity of an untreated stainless
steel surface for I, was smaller for iodine loading in air
than in N.. However, the corrosion appears to be much
more extensive in air, and the resulting surface was
covered with large deposits about 20 pm in width and
about 1 um in depth. The EDX spectra of these solids
show a large oxygen peak and an increased Fe to Cr
peak ratio, suggesting extensive preferential migration of
Fe and the formation of Fe-1-O compounds. lodine was
relensed during purging with air in all cases. but com-
plete desorption of iodine was not obtained in any case.
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We postulate that the following reactions occur in the
presence of air:

Fe + Iz ad FCIQ, (4)
y X
Fel, +30; — FeL.O, + (1 -5)12, (5)

where Fel,O, represents a mixture of iron iodides and
iron oxides. Some of this mixture is evidently capable of
further reaction with oxygen to liberate iodine, but some
iodine is bound either in particularly stable compounds
or in film regions relatively inaccessible to atmospheric
oxygen.

It appears that iodine adsorbs more easily on the
Fel O, mixture than on an untreated surface: the initial
iodine adsorption rate was greater in the presence of
oxygen than in N,, and further growth is fastest on the
initial reaction sites resulting in larger scale-particle
formation. The different film growth behaviour observed
in air compared to that in N> is considered to be the
result of the oxygen reaction. The scale formation in air
is discussed later.

We have analyzed the iodine desorption in more
detail. We assume that iodine exists in two forms, Fel,
and Fel,O, and that all the iodine in the oxy-iodide is
‘trapped’. During purging oxidation, a fraction of iodine
as Fel, is released (fraction=f) and the remainder
(1 - /) forms FelO,. With these assumptions, the rate
laws for adsorbed iodine during air purging become

d[FCIz]

4 = —k4[O;][Fel,], ©
S‘% = (1 = f)k4[O;][Fel,], )

where [I,] represents the adsorbed concentration of io-
dine that becomes trapped in the matrix of Fel O,, k, is
the rate constant of the oxygen reaction. The solutions
to the differential equations are

[FeLy], = [Fel,], exp(—k,[02]1), (8)

[L], = [L]o + (1 — f)[Fela]o(1 — exp(—4,[01]1)), %)

where [Fel,]y and [I,], are the concentrations of Fel, and
1, at the start of purging.
The total adsorbed iodine concentration is then

[totall], = [Fel,], + [L], (10)
or
[totall], = [L], + (1 — f)[Fel],

+ fIFeLy}, exp(~k4[0a]r). (11)

This simple model fits the iodine desorption behaviour
observed in this study, with the final adsorbed iodine
concentration approaching

[totall], = [L], + (1 - f)[Fel,],. (12)

Eq. (11) can be rearranged to give
In([totall], — [totall] ;) = In (f[Fel],) — ki[Os]t.  (13)

The iodine desorption curves observed in the multiple
cycle study in air (Fig. 7(b)) are re-plotted in Fig. 14,
showing the fit to Eq. (13). All the desorption data
during air purging give the same rate constant:

k,[05] = 0.09 £ 0.03 h™! (14)

regardless of the surface preparation (i.e., untreated,
electropolished or nitric acid), iodine loading atmo-
sphere (i.. in N or air) or number of cycles. This sug-
gests that the rate-determining step for the iodine
desorption in air is the oxidation of the originally
formed iodide and not a mass transport process.

The fraction of adsorbed iodine that is removed
during purging, however, decreased progressively with
increasing number of loading and purging cycles, as seen
in Fig. 7(b). The increase in the fraction, 1 — f, as the
cycle progresses or as the corrosion of the surface pro-
gresses, indicates that, as Fel O, solid builds up, iodine
becomes easier to trap in the matrix.

Unlike the case of the iodine loading in N,, iodine
adsorption in air reached an adsorption limit. However,
the amount of iodine adsorbed then increased in the
subsequent cycle of purging and loading (Fig. 7(a)). This
suggests that the iodine adsorption limit was reached
because the steady-state iodine desorption rate becomes
equal to the adsorption rate, resulting in zero additional
net adsorption. Purging somehow provides access to
fresh Fe metal (perhaps through film morphology
changes and cracking) allowing for the additional net
adsorption in each cycle. However, as the number of
loading and purging cycles increases, or as the corrosion
progresses, the fraction of iodine desorbed by the oxy-
gen reaction becomes smaller (Fig. 7(b)). By the time the
fourth cycle of loading and purging was performed, io-
dine desorption was negligible, yet the iodine adsorption
reached a steady state. This suggests that the iodine
adsorption rate also siows down as the corrosion pro-
gresses to limit the iodine adsorption.

As mentioned earlier, iodine seems to adsorb more
easily on the Fel,O, mixture than on an untreated sur-
face, evidenced by observations that the initial iodine
adsorption rate was greater in the presence of oxygen
than in N; and that further growth is fastest on the
initial reaction sites resulting in larger scale-particle
formation. The different film growth behaviour observed
in air compared with that in N, is considered to be the
result of the oxygen reaction. The rate of Reaction (5)
appears to be of a similar order to that of Reaction (4),
and the formation of Fel,O, and the accompanying
surface morphology changes are thought to control the
iodine adsorption behaviour.
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Fig. 14. Log plot of the loading in four consecutive cycles, fitted to Eq. (13).

We postulate the following processes (shown sche-
matically in Fig. 15) to account for the observed iodine
interaction with stainless steel in air. Reactions (4) and
(5) are responsible for the scale formation. The scale
formed by the fast reactions has many defect sites, thus
acting as a semi-conductor which facilitates the migra-
tion of Fe, I, and O,. The mechanism of forming a semi-
conductor scale due to fast oxidation has been proposed
for the oxidation of stainless steel at high temperatures
[39]. Although our studies were performed at low tem-
perature, the addition of I, enhances the corrosion rate
to the point where a similar semi-conductor scale may be
formed, allowing Reactions (4) and (5) continue exten-
sively. Furthermore, the volume changes that are due to
the formation of Fel,O, scale create cracks that further
facilitates I, transport to react with elemental Fe un-
derneath the scale to form Fel,, and O, transport
through the cracks to react with Fel,. During purging,
O, continuously migrates to the Fel, and reacts. More
defect sites are created in the scale and the cracks widen
at a faster rate during purging without Reaction (4). As
the Fel,O, layer thickness increases with increasing
number of loading and purging cycles, it becomes in-
creasingly difficult for I, and O, to diffuse through the
scale (probably as a result of Fe depletion), resulting in

During Loading During Purging

Fig. 15. Iodine interaction with stainless steel in s

an increase in the fraction (1 — f) with increasing num-
ber of cycles. The proposed mechanism may be one of
the simplest explanations and is by no means complete.
Future adsorption experiments are planned. including
cross-sectional analysis of specimens, which will help
pin-point the mechanism for the iodine interaction with
stainless steel.

As mentioned in Section 2, the maximum iodine
concentration expected in a fuel handling accident is
expected to be less than 1 x 10~* mol dm *. If one fucl
bundle is assumed to be completely oxidized und the
total iodine inventory of the bundle is released as I, all at
once in a fuel handling accident, the iodine concentra-
tion in the atmosphere of the containment building
would be 1071°-10~° mol dm *. The concentration is
also comparable to typical gas phase iodine concentra-
tions that are observed in the RTF under LOCA con-
ditions. With an initial jodine concentration in the
aqueous phase of 1 x 10 * mol dm ' the gas phase io-
dine concentrations in the RTF range trom about
1x10°% to 1 x 10" mol dm ' depending upon pa-
rameters such as radiation and pH {40-42]. Although it
should be verified, we believe that this model should be
valid for concentrations less than 1 x 10" mel dm '
However. the mechanism may change ut much higher
concentrations due to i quicker buildup of hygroscopic
Fel, attracting moisture, which would alter the Fel, mo
hydrated compounds, making desorption lews fuvorable.
The presence of water droplets could then change the
mechanism entirely

4.4 lodine interaction with prestreated stainhess sieel

For clectropolished surfaces, the additon of oxygen
did not appenr to make much difference 1o the jodine
deposition rite or the ndsorption cupaelty, The protec-
tve oxide Liver formed during électropolishing &= more
detect-Tree than that oo an ontreated sorfae Durmg the



176 J.C. Wren et al. | Journal of Nuclear Materials 265 (1999) 161-177

time scale of our experiments, iodine is deposited mainly
in a limited number of pits. The growth of smaller scale
particles may prevent the morphology changes that in-
fluence the corrosion of the untreated surfaces.

On nitric-acid treated stainless steel, the presence of
air lowered the deposition rate and the adsorption ca-
pacity. The simplest explanation for this result is that the
nitric acid treatment leaves a Cr-rich iron oxide layer,
which is more resistant to attack by I, and more resis-
tant to Fel,O, film growth. The relative stability of the
Cr-rich oxides slows the adsorption process and limits
the adsorption to small defect locations. The effect of
surface treatments will be examined more thoroughly in
subsequent publications. The intention of this work was
to understand the general processes involved in the in-
teraction of iodine with stainless steel. It was felt that the
untreated surface provided the most general example of
this interaction.

5. Conclusions

The study has shown that iodine is initially adsorbed
on stainless steel as metal iodides, probably as Fel,,
formed by the reaction with Fe in an oxidation state less
than +2. The total amount of Fe used by iodine reaction
and by further corrosion by oxygen on untreated stain-
less steel surfaces was extensive at room temperature,
particularly in air. The adsorbed iodine desorbed only
during purging with air, and not completely. The fraction
of iodine which became fixed to the surface became larger
with successive cycles, although the desorption that did
occur appeared to follow similar first-order rates. This
desorption behaviour and the extensive iodine-catalysed
corrosion in air are explained by the reaction of oxygen
with Fel, to form iron oxy-iodide (Fel,O,) scale. It is in
the Fel, O, scale that the non-desorbing fraction of the
jiodine appears to be held. Significant volume changes
that are due to the formation of Fel, and Fel O, scale
could continuously generate cracks through which I can
diffuse for further reaction with Fe.

The chemistry is clearly complex and there is a very
strong interaction between competing reactions to form
iron iodides, iron oxides and iron oxy-iodides. Although
the mechanisms for the reactions are not yet fully un-
derstood, it appears that the physical and chemical
properties of the corrosion scale strongly influence the
rate of iodine uptake, the adsorption limit, and avail-
ability of iodine for later release. All these factors play a
role in the prediction of iodine behaviour under the
changing conditions that may be experienced following
a reactor accident.

In conclusion, the reaction of stainless steel with I, is
a relatively rapid process, even under mild conditions.
The key reactions have been identified from which a
semi-mechanistic kinetic model for the iodine interaction

with stainless steel under certain conditions can be de-
veloped. However, the results obtained so far are in-
sufficient either to support firm conclusions on the rate
controlling processes, or to derive all the parameters
required to fully model iodine behaviour with stainless
steel under all conditions. The kinetic model develop-
ment work is presented in a separate document [43].
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