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Abstract: lodine is a main fission product of the fuel generated during power operation in nuclear power plants
(NPPs). A severe NPP accident can cause fuel, containing fission products (FPs), control rod assemblies and core
structures to melt and then release into the containment. The key signatures of iodine behaviour during a NPP
severe accident are reviewed, i.e. its release from the molten core in the reactor pressure vessel and transfer via
the primary coolant system into the containment. Containment or filter failure would disperse radioactive iodine
into the environment. The iodine radioisotopes, 37| (T4, ca. 8 d) in particular, in sufficient concentrations can pose
a health hazard. The overview focuses on the current state of knowledge on iodine behaviour in containment. The
formation of volatile iodine species (molecular iodine and organic iodides) by FP-radiation and recent efforts at
PSI to suppress their release by reduction to non-volatile iodide for engineered systems are described. Despite
extensively available data, further experimental studies are needed to reduce the significant uncertainties in model
development. In particular, additional studies on organic iodide formation are required, since these species form
the major volatile fraction under certain conditions. Gas phase reactions and the potential effects of many other

sump constituents are also important.
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1. Release of lodine from Degrading
Nuclear Fuel

Iodine is generated during operation of a nu-
clear power plant (NPP) as a major fission
product (FP) in large quantities. Although it
is trapped within the ceramic UO, fuel ma-
trix, a very small amount may diffuse and
accumulate in the gap between the fuel pel-
let and the cladding during power operation.
Large amounts are released when the fuel
temperature under hypothetical accident
conditions exceeds 2100 K. The trapped
volatile FPs such as noble gases, caesium
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and iodine diffuse to pellet surfaces, espe-
cially at high temperatures and with molten
or breached cladding, which are exposed to
a mixture of steam and hydrogen. They are
therefore dispersed into the coolant water
and mostly escape before the fuel has melt-
ed and formed a pool elsewhere.

The main outcomes of numerous experi-
ments are reviewed [1] including laboratory
separate-effect tests, e.g. UO, oxidation and
volatilisation studies and FP thermo-chem-
istry experiments. The latter were conduct-
ed to determine the iodine release rate and
other FPs from fuel. Empirical and semi-
empirical models were also developed,
such as the temperature dependence of the
release rate. It was empirically modelled by
an Arrhenius Eqn. (1) [2]:

k(T) = A(T)-eBDT (1)

where T is the temperature in Kelvin
and A(T) and B(T) are the temperature-
dependent coefficients fitted to correlate
the experimental database. Semi-empiri-
cal models use a treatment, for example
the ELSA model in the IRSN-GRS severe
accident code ASTEC [3], by consider-
ing the release kinetics being dependent
on the rate-limiting process of solid-state
diffusion of iodine through the grains of
the UO, fuel matrix of assumed shape and
size distribution.

The Phebus Project is an international
co-operative effort using a large scale and
integral experimental facility [4] [5] to study
FP behaviour under realistic conditions. In
particular, core damage in the reactor vessel
and release phenomena of FPs are investi-
gated. Various severe accident phenomena
occurring in the reactor coolant system and
in the containment are also studied. Fig.
1 shows the fuel bundle before and after
a test. The severe damage (degradation)
to the bundle, shown by the radiograph at
right, is apparent. Measurements confirm a
substantial release of iodine (about 80% of
the initial bundle inventory).

A clear relationship between the re-
lease pattern of iodine and other volatile
FPs evolving from the bundle and the three
distinct degradation phases of the bundle,
i.e. main zircaloy oxidation, initial melting
of fuel and downward relocation of molten
material to lower elevations was estab-
lished.

A 1000 MW'th reactor core contains a to-
tal iodine inventory of 6—10 kg, depending
on the burn-up (mass to energy conversion)
and is burning UO, or (U,Pu)O, fuel. About
80-90% of the total inventory is expected to
be released from the core if melting is unin-
terrupted. Under these extreme conditions,
the iodine fraction of total released FPs is
roughly 3% and 20% by mass and activity
respectively.
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Fig. 1. Pre-test Phebus bundle (left) and radiograph of the post-test bundle

(right) showing extensive damage and fuel settling

2. lodine Speciation and Transport
in the Reactor Coolant System

Subjected to high temperature and the
duration and extent of oxidizing conditions,
FPs and to a minor extent fuel, structural
and control rod materials can be either va-
porized or volatilised. The latter depends
on the formation of volatile species due to
oxidation. Metallic and oxide vapours will
mix with the steam and hydrogen gas and
flow into cooler sections of the primary
coolant system. Along the transport path,
vapour phase chemical reactions will occur
simultaneously with phase changes, which
initiate homogeneous and heterogeneous
nucleations to produce aerosol particles.

Iodine vapour at high temperature is
very reactive and may produce a wide
distribution of compounds, which can dy-

namically change as the temperature lowers
from 2100 K to about 430 K in the cold leg
(reactor vessel inlet) of the primary cool-
ant circuit or to 700 K to 1000 K in the hot
leg (reactor vessel outlet). The potentially
significant iodine compounds are HI, Csl,
Cdl,, Agl, and Bal, as well as molecular
iodine (I,). Some reaction rate constants for
various vapour phase reactions are known
with variable uncertainties and some are
only estimates. The gas temperature and the
reducing or oxidizing environment and the
presence of many reaction partners in the
primary coolant system will determine the
physical and chemical form of the iodine
before it is released into the containment at-
mosphere. Some fraction of iodine species
associated with aerosols will be deposited
on the inner surface of the piping by natu-
ral removal processes. Similarly a certain
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fraction of the gaseous iodine species will
be depleted in the primary coolant system
as a result of surface adsorption. Both re-
moval processes simultaneously occur and
will finally determine the amount of iodine
species released into the containment.

Due to the high specific decay heat of
deposited iodine and other FPs, the deposits
on the inner surface of the primary coolant
system piping may experience a signifi-
cant temperature rise. The latter may cause
revolatilisation. Csl, for example, appears
as an aerosol below about 1100 K. It can
vaporise above 1100 K and flow until it re-
condenses.

Tests conducted with steam have indi-
cated that the ultimate iodine species is Csl.
Its stability at high temperature was then
studied experimentally in detail [6]. It was
shown that CsI was stable under oxidising
conditions up to about 1600 K, whereas it
decomposes in low H, or high O, concen-
trations. It was also experimentally shown
that sufficient boric acid vapour could
cause Cs to form caesium borate rather than
caesium iodide [7]. Under such conditions
barium iodide became the main species.
The Phebus FP tests [S] have indicated that
iodine could appear as a mixture of metal
iodides depending on the composition of
the released vapours as well as on the hy-
drogen concentration. But the integral tests
[5]1[8] have neither proven nor refuted the
existence of Csl as evidenced by the results
of earlier separate-effect tests [1]. More
importantly, the Phebus tests [5] have also
shown the presence of significant amounts
of vapour and possibly gaseous iodine at
temperatures greater than 700 K. At low
temperatures (420 K), about 2-3% of the
initial iodine bundle inventory was gaseous.
These temperatures represent the hot and
cold leg of a NPP respectively [4].

The results from the Phebus FP tests
up to 2003 have also provided a clear in-
dication that the kinetics of various com-
peting reactions under dynamic boundary
conditions, e.g. temperature, could be more
important than was previously believed.
Therefore, measured iodine speciation un-
der more prototypical accident conditions
have probably involved more complex equi-
libria, rather than simple gas or condensed
metal oxides of the type MxOy. It could be
one of the main reasons why the transport
codes utilizing the equilibrium approach
could not produce a successful prediction
[9] of the measured iodine speciation in the
Phebus circuit.

Up to about 1993, a general consensus
was reached on iodine species reaching the
containment atmosphere. It was estimated
that a maximum of 5% of the iodine inven-
tory in the core could enter as I, and the rest
as Csl aerosol. The estimate was based on
separate-effect in-pile or out-of-pile tests
involving fuel bundles or fuel specimens.
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However, the later Phebus FP integral tests
[4][5] have demonstrated that the 5% and
95% distribution between I, and metallic
iodides might represent an average release
for the whole duration of an anticipated
PWR severe accident although the time-
dependent distribution might vary signifi-
cantly from the average.

The extent of methane produced in the
cooler section of the primary piping (<1000
°C) from boron carbide is a further cur-
rent uncertainty. Boron carbide is used as
neutron absorber material in control rods
of BWRs, VVERS-1000 and French 1300
Mwe PWRs. Once methane is formed it can
react with I, to form very volatile methyl
iodide in the primary coolant system. There
is therefore a need to further clarify the be-
haviour of iodine speciation at high temper-
ature. Further experimental and analytical
tasks are planned by the CHIP experimental
project (IRSN, France) and by the EU 6
Severe Accident Network of Excellence
Project (SARNET) [10] to model the be-
haviour of iodine species.

In summary, the amount of iodine and
its speciation entering into the containment
atmosphere is dependent on multiple chem-
ical and physical processes occurring in the
primary coolant system.

The transport of the iodine species as
described above is modelled in dedicated
computer codes [1]. Iodine chemistry to-
gether with the chemistry of other FPs is
currently based on the thermodynamic
equilibria assumption in state-of-the-art se-
vere accident codes [3]. It is assumed that
the time needed for iodine reactions to be
completed is fast compared to the transport
time between temperature zones. The mod-
elled transport of these species depends on
the form of the iodine compounds, i.e. gas-
eous or adsorbed or deposited on aerosol
particles.

3. Containment lodine Behaviour

Loss of coolant accidents in a nuclear
power plant as a result of a break in the
primary coolant system will lead to fission
products discharged from the break into the
containment atmosphere during a severe ac-
cident. The coolant water is ejected from the
primary system and fills a reserved space,
known as the sump, which is located in the
basement of the containment building.

Iodine is mainly transferred into the
sump by settling of aerosol particles con-
taining iodine species. If available, opera-
tion of spray systems can wash out airborne
iodine and also improve the rate of particle
settling into the sump. Dissolution of me-
tallic iodides is the main source of iodide
ions. In addition, the volatile species are
transported in the sump via the mass trans-
fer through the gas and aqueous phase inter-

face. Volatile iodine species in the gas and
aqueous phases are linked with the mass
transfer across the phase interface.

Iodine behaviour in the containment
and in the primary coolant system is dif-
ferent. For example, containment tempera-
tures are much lower than in the primary
circuit so that reactions are often dominated
by chemical kinetics.

The majority of chemical reactions
take place due to reaction partners, such as
radicals, being directly or indirectly formed
from radiation. The most of the FP mate-
rial consists of radionuclides, a-, - and
y-emitters. Much of this material is either
suspended or dissolved in the sump, e.g.
137Cs, 1311, (stable) 271, and the long-lived
1291 or they are airborne, for example, the
noble gases 3Kr and 133Xe.

3.1. lodine Chemistry in the Gas
Phase

Gas phase reactions are different from
aqueous phase reactions, since for example,
radicals may freely diffuse in a gas, where-
as they are concentrated in water to a small
volume surrounding the radiation particle
track. Consequently the gaseous radical
yields are not very dependent on radiation
type. However, despite the simplification,
most of the iodine studies were focussed on
the aqueous phase, since most of the iodine
is initially deposited in the sump.

Fig. 2 shows an overview of the impor-
tant physical and chemical iodine process-
es. The gas phase chemistry of iodine can
be grouped in homogenous and heteroge-
neous (surface) reactions.

3.1.1. Homogenous Reactions in the
Gas Space

Gaseous iodine species, mainly I, and
negligible amounts of HI or CHj;l, after
discharge from the primary coolant system
undergo reactions with ozone and nitrogen
oxides (O;, NO,). The latter are produced
from irradiated air constituents (O,, N,).
The reaction rates are governed by dose
rates, concentrations, steam fraction, tem-
perature, humidity, and surface to volume
ratios. Ozone readily reacts with molecu-
lar and atomic iodine to form non-volatile
iodine oxides, corresponding to several
oxidation states, such as, 1,0, 1,05, 1,0,,
1,05, 1,04, 1,04, 1,0, among which, 1,0,
and I,04 are expected to be the main reac-
tion products.

These oxides are hydrolysed in steam
or in water to form iodate ions. Some ex-
perimental programmes [12] have studied
the effect of the ozone and iodine concen-
tration ratio, humidity, temperature, dose
rate and dose. Notwithstanding the large
scatter of data, molecular iodine was con-
sumed within a period of 5-25 h in an ir-
radiated atmosphere after doses of 20—130
kGy.
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Free organic radicals are formed from
collisions of organic molecules with spe-
cies like excited nitrogen, oxygen, electrons
and positive ions. Organic radicals react
with iodine to form iodides such as methyl
iodide. Methyl radicals can also be formed
by radiolytic abstraction of hydrogen from
methane, which is released from the prima-
ry circuit of NPPs containing boron carbide
as the absorber material for control rods.
Several experiments were conducted [13]
to understand the effect of dose, oxygen or
steam on the organic iodide formation and
radiolytic decomposition.

3.1.2. Heterogeneous lodine Reac-
tions with Surfaces

NPP containments contain large
amounts of reactive metals such as stainless
steel, aluminium, copper and zinc coatings,
which influence iodine behaviour. Some
of this material will expose large surface
areas to the accident containment atmos-
phere. Adsorption and desorption of iodine
on these surfaces could act either as a sink
or a source of volatile species.

Molecular iodine depositing on steel
(rate about 1-10-3 m-s™!) reacts to form fer-
rous iodide in a condensing environment
[14]. Steel under condensing conditions
provides a good sink for iodine, since the
product ferrous iodide is water soluble and
non-volatile.

However, on dry steel, I, is only physi-
cally absorbed. Hence it may desorb from
steel, especially in the presence of O,. But
the rate is lower than the deposition rate.
The affinity of I, for other metals, such as
aluminium, is 100 times smaller than for
steel. In contrast, the affinity of I, for cup-
per is higher than for steel.

Iodine deposition on organic-based paint
surfaces has been extensively researched,
since they have large adsorption capacities
for gaseous I, [15] with negligible desorp-
tion and react to form organic iodides of
differing volatilities, which easily accumu-
late in the atmosphere. The CH,I deposi-
tion rate on painted surfaces was at least
an order or magnitude slower than I, and
little or none is deposited under condensing
steam conditions. Mechanisms of organic
iodide production are simplistic and they
are still in the formative stage. But based
on the evidence [15] formation within the
paint surface is suggested.

3.2. lodine Chemistry in the Aque-
ous Phase
3.2.1. Homogeneous lodine Reactions
in the Aqueous Phase

Iodine exists in oxidation states from
—1 to + 7 and thus potentially forms many
compounds. But notwithstanding some ar-
eas of uncertainty, e.g. organic iodide for-
mation and the potential effects of many
sump constituents, the homogeneous iodine
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T Transfer across aqueous-gas interface;

Fig. 2. Processes for iodine reactions in gas phase as modelled in [11]

chemistry of the aqueous phase, although
complex, is comparatively better estab-
lished than for the gas phase.

A comprehensive treatment of aqueous
iodine chemistry is outside the scope of this
paper, but an overview is available [16]. A
brief overview of both dissolved species
and surface processes and reactions mod-
elled in a computer prediction code [11] is
shown in Fig. 3.

3.2.1.1. Thermal Reactions

Molecular iodine hydrolyses in water
via an intermediate to hypoiodite (HOI)
and iodide (reaction (2)), followed by its
disproportionation to iodate and iodide (re-
action (3)).

I, +H,0 S HOI + I + H* 2
3HOI S 105 +21 +3 H* 3)

The rate of reaction (3) is increased by the
catalytic effects of borate or phosphate.

Both reactions are also promoted by high
pH. Reaction (4) summarises the hydrolysis
and disproportionation. Its reverse reaction
is known as the Dushman reaction, but I,
formation is insignificant, since iodide ions
are rapidly oxidised by hydroxyl radicals to
I, (see Section 3.2.1.3) rather than by iodate
ions under anticipated sump conditions.
The reactions are also strongly temperature
dependent.

3L,+3H,0S5 5T +10,+6H* (@)
HOI dissociates significantly (reaction

(5)) in strongly alkaline solutions (pKyq;

~10.6):

HOI S H* + Ol ©)
If the aqueous phase contains dissolved

oxygen, iodide ions are slowly oxidised

even at high temperature and low pH:

2I'+%0,+2H*—=1,+H,0 (6)

Fig. 3. Main processes of aqueous iodine chemistry modelled in [11]

Iodide ions and I, are in equilibrium
with the triiodide ion:

L SL+T )

This reaction can be important at iodide
concentrations >1-10~* M. Although triio-
dide is not volatile, I, formation is favoured
by acting as an intermediate during iodide
oxidation.

3.2.1.2. Radiolysis of Water

Due to deposited FPs, the sump contains
a-, B- and y-radiation sources of consider-
able dose rates [16]. B-radiation constitutes
a significant fraction of the time-dependent
dose rate, since its almost complete absorp-
tion in both phases. Water molecules are de-
composed by most of the energy deposition
to a number of products.

The radiolysis of water produces ap-
proximately equal numbers of oxidising
("OH, H,0,) and reducing (eaq‘, H") pri-
mary species [17]. They are represented by
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reaction (8) at 25 °C, where the numbers are
the radiolytic yields (G-values) in units of
10~7 mol J-L;

H,0 v\ 2.6e, 7, 0.6 'H, 2.7 "OH,
0.45 H,, 0.7 H,0,, 2.6 H* (8)

After sufficient energy absorption, the
covalent bonds in water molecules can dis-
sociate to form fragments with one of the
two bonding electrons retained in each
fragment. The fragments possessing one or
more unpaired electrons are known as free
radicals [17] and indicated with a dot next
to the formula (e.g. “OH). Charged free rad-
icals also exist, e.g. €, .7, O, and I, (see
Section 3.2.1.3.). The system is oxidising
despite the reducing radical (Ge-  + Gy)
yields being greater than the yield of the
oxidising hydroxyl radical (Ggy), due to
the conversion of solvated electrons (eaq‘)
by the slowly forming hydrogen peroxide
(H,0,) to "OH. In addition, there are some
40 or more reactions of very differing im-
portance involving product combinations
and dissolved oxygen to form secondary
products [18].

In acidic solutions (<pH 5), the € ~
yield decreases to zero if pH is lowered to (1,
due to the electron reaction with increased
H* concentrations to form hydrogen atoms
H*. Similarly, in strongly alkaline solutions,
the *OH yield decreases to near zero from
pH 10 to pH 13 due to dissociation to H*
and oxide ions (O7). H,0, also decomposes
at high pH (>11) to the peroxide ion (HO,")
[17].

3.2.1.3. Radiolysis Reactions Affecting
lodine Behaviour

Iodine volatility is dependent on the
oxidizing capacity of the system, which
is determined by pH, redox potential,
dose, dissolved oxygen concentration,
and the removal of volatile iodine from
solution.

For example, if a solution of caesium
iodide (concentration range 10-°—~10~* mol.
dm™) and boric acid is irradiated, which
typically simulates containment sumps of
design basis faults, the simplified reaction
steps of iodide oxidation to volatile iodine
are:

I-+"OH — I' + OH™ )
+I-S 1~ (10)
2L, >+ (11)
L-SL+1- (12)

Under stronger oxidising conditions,
iodide is also oxidised further to non-vola-
tile iodate via intermediates [19]. The pri-
mary species, e, ~, H', the superoxide, O,
formed from dissolved O, and HO," reduce

volatile iodine to non-volatile I2°~ as shown
by reactions (13) to (16):

ey +hL—=1" (13)
H +1, =L~ +H* (14)
O, +L—=1,7"+0, (15)
HO,"+I, = 1,7+ 0O, + H* (16)

They compete with the I, removal by
mass transfer across the water—gas interface
from the solution.

3.2.1.4. Other Reactions Due to Sump
Constituents

Much kinetic data has been collected
up to the 1990s on irradiated pure solutions
of iodide in small-scale laboratory experi-
ments. A good degree of confidence (with
few exceptions) was achieved on predict-
ing the behaviour in solution under well-
defined conditions.

However, in a reactor accident sump,
the distribution of water radiolysis prod-
ucts and iodine species are also depend-
ent on the presence of ‘impurities’, such
as other FPs and structural materials. For
example, NOx products in the irradiated
containment atmosphere, organic mate-
rials from decomposing cables, leaching
of solvents from paint surfaces and prod-
ucts released from decomposing concrete
contribute to an extremely complex and
dynamic system. These products may act
as radical scavengers or change the redox
potential and hence alter the radiolytic
and thermal chemistry of iodine species
and, in particular, introduce methyl io-
dide as the most volatile member of io-
dine compounds into the containment.
Following integral Phebus FP test results
[4][5], experiments at PSI are underway
to evaluate the effects of chloride and ni-
trate on iodine volatility. Such a physical
and chemical system may not be under-
standable in its entirety, since the direct or
indirect effects of identified containment
constituents on the iodine chemistry have
not yet been sufficiently quantified, but
approaches are being followed to attain a
database for better predictions of iodine
containment chemistry.

3.2.1.5. Organic lodide Formation
Experimental evidence [20] confirms
that organic impurities such as methyl ethyl
ketone (MEK), methyl isobutyl ketone
(MIBK), toluene and xylene, which are the
major constituents of vinyl and epoxy paint
solvents and thinners, are leached from or-
ganic paint surfaces submerged in water.
They can change the pH and redox potential
of the irradiated solution. Experimental re-
sults have also shown that hydroxyl radicals
abstract hydrogen from organic compounds
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(RH), yielding organic free radicals R" and
water. The simplest case is the formation of
methyl radicals from methane:
CH, + *OH — CH;" + H,0 (17)

In the presence of O,, the (irreversible)
peroxidation of the methyl free radical leads
to the formation of the methyl peroxyl radi-
cal CH;0," [21].
CH;" + O, — CH,0,’ (18)

RO, radicals then undergo further oxi-
dation to eventually form alcohols, alde-
hydes, organic acids and carbon dioxide.
Since these products are more polarized,
the overall effect is to acidify the reac-
tion solution. Organic radicals can form
organic iodide by reaction with I, for ex-
ample:

CH; +1, S CHyl + T (19)

In the absence of other reactants, CHy'
can also slowly dimerise to form ethane
(C,Hy). Organic iodides of higher molecular
weight are also formed. But they are gener-
ally less volatile than I,,. In addition, unirra-
diated experiments suggest that a small, but
significant CH,]I contribution is made by the
thermal reaction between CH, and 1,.

The above mechanistic description of
organic iodide formation is necessarily
simplified. If other organic sources, such as
decomposing cables and oil are included,
a mechanistic approach to model organic
iodide formation and decomposition (see
below) is not tenable, given the multitude
of potential radical reactions and the large
amount of unavailable kinetic data. How-
ever, good attempts were made to adopt
a simplified and empirical modelling ap-
proach [22].

3.2.1.6. Decomposition of Organic
lodides

Aqueous organic iodides undergo ther-
mal decomposition in aqueous solution,
that is, they hydrolyse and react also with
other nucleophilic partners. But CH,I hy-
drolyses very slowly at room temperature
without irradiation. At higher temperatures
(>100 °C) as shown in Fig. 4, methyl iodide
hydrolysis is rapid [23].

In contrast, reducing radicals (eaq‘, H°)
decompose CH,I much faster at room tem-
perature [24]. The PSI experimental results
[25] (Fig. 5, 6) show that radiolytic decom-
position yield is proportional to the initial
CH,l concentration. However, as a result of
very low CH; partition coefficient (<1), al-
though the combined decomposition rate of
methyl iodide by hydrolysis and radiolysis
is quite high at these temperatures, a sig-
nificant CH,I accumulation in the gas phase
cannot then be excluded.
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Fig. 5. Effect of initial CH;l concentration on the radiolytic decomposition yield

Considering the current kinetic data on
organic iodide formation and decomposi-
tion under all postulated water tempera-
tures, dose rates and pH, a sufficiently fast
decomposition of organic iodides is not
guaranteed. A need for faster decompo-
sition reactions becomes therefore very
important in order to compete both with
the very effective removal by mass transfer
from solution and the potentially fast CH,1
formation. To achieve this goal, additional
chemical reactants (additives) should be
used to increase the rate of thermal de-
composition. Research was conducted in

1970s [26] and in 2002-5 at PSI [25] on
CH,I aqueous solutions with single or
multiple candidate additives for potential
application in a) containment spray Sys-
tems, b) sump water conditioning and c)
wet containment filters to efficiently vent
and trap I, and RI, by using, for example,
sodium thiosulphate solution. However,
elimination of further radiolytic oxidation
of iodide ions under all foreseeable condi-
tions cannot be excluded.

Test results, using PSI-developed ana-
lytical techniques [25] (Fig. 6), have indi-
cated that, under gas sparging conditions,
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the CH,I decomposition rate by thiosulphate
ions was insufficient to eliminate volatility.
Therefore to improve the overall rate, sec-
ondary additives are being studied.

3.2.1.7. Silver-lodine Reactions

Since metallic silver, released from
PWR control rods, or Ag* ions react with
iodine, silver is considered an efficient io-
dine sink. However, the radiolytic stability
of Agl under all anticipated conditions must
also be considered.

3.2.1.7.1. Silver lodide Formation

Silver iodide is formed via a non-cata-
lysed heterogeneous reaction of molecular
iodine with metallic silver surfaces:
2Ag+1, =2 Agl (20)

However, the reaction rate is proportion-
al to exposed surface area, and then once the
Agl layer is formed, on the diffusion rate
of iodine through the layer. Experimental
results have shown that the times for half
completion of the reaction varied by about
an order of magnitude, i.e. 3 or 33 min for
rapidly stirred or unstirred Ag® suspensions
in I, solutions respectively [28]. But the
overall I, consumption rate was much lower
than any mass transfer rate causing an effi-
cient I, removal from the solutions.

Silver particle surfaces can be oxidized
(Ag,0) in the containment atmosphere be-
fore they settle into the sump. They react
then very efficiently with iodide ions since
oxidised silver dissolves in water to form
Agt:

Ag,O+2T +2H*—=2Agl+H,0 (21)

The reaction proceeds until the surface
oxide is consumed. In the presence of ni-
tric acid Agl formation was reported to be
rapid [28], presumably due to fast oxidation
of the silver surfaces. In contrast, chloride
ions, anticipated from cable pyrolysis, ap-
pear to prevent reaction of iodide with silver
oxide at pH 7.

3.2.1.7.2. Silver lodide Radiolytic
Decomposition

PSI experiments were conducted using
colloidal Agl suspensions under different
oxidising conditions and acidic pH ranges
and using a dissolved, i.e. in situ B-radiation
source [27][29] (Fig. 6). The results have
shown that, depending on the initial colloid
concentrations, a very small to an almost
complete Agl decomposition was observed
(Fig. 7). Some experiments were repeated
under almost identical conditions but using
y-radiation (unpublished results). In the ab-
sence of chloride ions, practically no Agl
decomposition was observed.

The difference in Agl decomposition
behaviour, when a different radiation type
is selected, is being investigated. However,
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Fig. 6. PSl irradiation facility and development of the analytical procedure

chloride ions at low pH (2-3) can effective-
ly release I, from Agl colloids with either
in situ (3- or y-radiation.

Once separated from Agl particles, io-
dine is then a partner in various homogene-
ous reactions under prevailing conditions.
Hence Agl decomposition may not neces-
sarily only lead to volatile iodine.

3.3. Heterogeneous lodine Reac-
tions with the Immersed Stainless
Steel and Paint Surfaces

Experimental data suggest that dis-
solved I, also reacts with steel surfaces to
form soluble metal iodides, which dissoci-
ate into Fe cations and iodide ions. Con-
sequently, the net I, concentration on the
steel surfaces is zero and hence no surface
saturation occurs. The overall process is
therefore the reduction of dissolved I, to
non-volatile iodide ions. Another possible
route for RI generation is the reaction of
dissolved I, with immersed paint surfaces
analogous to the gas phase.

3.4. Mass Transfer of lodine Be-
tween the Aqueous and Gas Phases

Volatile iodine species can cross the
interface between the aqueous and the gas
phases if concentration gradients exist be-
tween them. The transfer rate of a volatile
species from the gas to the aqueous phase
is given by Eqn. (22):

C. and C_, are the gas and aqueous phase

ng_ K-4 Cw
vyl
1

Where i
K k, Pk,

1
k.

(22)

concentrations respectively, A and V  are
the interfacial surface area and the gas
phase volume, P is the volume partition
coefficient, which is defined as the ratio of
the aqueous-phase and gas-phase concen-
trations of a given species at equilibrium.
The mass-transfer coefficients, k, and kg,
for the aqueous and the gas phases respec-
tively, are proportional to the mass flux
and the concentration gradient over the
boundary layer. Chemical reaction rates
can effectively compete with the overall
mass transfer rates if the former (species
production or consumption) are faster than
the latter. For example, rapid I, hydrolysis
in hot and alkaline sump water will in-
crease the rate of airborne iodine transfer
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from the containment atmosphere into the
sump.

The final distribution of each species
in order to attain their equilibrium con-
centrations is defined by their partition
coefficients. Partition coefficients reduce
as temperature increases and they are spe-
cies-dependent. For example, the partition
coefficients of molecular iodine are 83 and
3, whereas those for methyl iodide are 8
and <0.8 at 25 °C and about 120 °C, respec-
tively. But iodine species in any phase can
be depleted by other processes, such as a
containment leak and equilibrium concen-
trations will not be attained.

3.5. Engineered Systems to Miti-
gate Accumulation of Volatile lodine
Species to Prevent Their Release
into the Environment

Containment sprays are designed to con-
dense steam to avoid a pressure increase in
the containment. If available, they can wash
iodine species from the atmosphere and
transfer them into the sump water. If clean
water is used, the droplets can absorb I, and
to a lesser extent CH3I. However, absorp-
tion depends on the spray droplet character-
istics, mass flow rate, droplet fall time and
the mass transfer rate of the iodine species
into the droplets. If the spray water does not
contain agents for fast reduction of the iodine
species, the washing efficiency for CH,l is
inadequate. Droplets may transfer iodine
back into the containment atmosphere once
the spray system re-circulates sump water.
Maintaining the sump pH at very high val-
ues (>10) could be the basis of another engi-
neered system to suppress I, generation and
further release. But operating NPPs are not
currently equipped for high pH control due
to design and installation difficulties.

18 4
16 - —u— 16x
| /' —e— 10x
14 - - 2x
. / —v—1x
—_ 12 -
A /
= [
s %7 /
© [
S 8 /
o | / oo
o
9 o] / e
© P
Q | B
[0 4
X 4 # A4 —x—VVY
J J v /”
2 ’ Y
| A v
&
0+ vy
T T T T T T T T T T
0 5 10 15 20 25
Dose [kGy]

Fig. 7. |, released fraction versus absorbed dose from in situ -irradiated
Agl colloidal suspensions of different initial concentrations.
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Wet scrubbers are used as filters for
containment venting. They usually contain
alkaline sodium thiosulphate solutions to
achieve an initial high pH (>10), to reduce
RIand I, to iodide. Provided that the incom-
ing gas and the soluble aerosol particles do
not acidify the solution, the I, decontami-
nation factor for currently installed scrub-
bers should be at least 100 as stipulated by
national NPP regulatory authorities. The
corresponding decontamination factor for
organic iodides has not been systematically
investigated since the authorities have not
yet defined it.

4. Modelling of lodine Chemistry

Since the chemistry in the containment
is complex and convoluted, it is necessary
to simulate the iodine chemistry in kinetic
computer models. There are two modelling
approaches, i.e. mechanistic and empirical:
a) Mechanistic models contain detailed

sets of chemical reaction equations in-

cluding many intermediate species us-
ing published kinetic data. Such models
are complicated and sufficient knowl-
edge of the mechanisms and kinetic data
may not be available so that educated
guesses for postulated reactions must
be applied. But they are applicable to

a wide range of conditions. The LIRIC

[22] and INSPECT [31] computer codes

are examples in current use.

b) Empirical codes contain far fewer equa-
tions and each equation simulates the
effect of chemical equation sets and
parameters to model the main phenom-
ena in the containment. The validity of
the models is dependent on correlations
obtained mainly from integral experi-
mental data covering a wide range of
relevant conditions. Hence their predic-
tions for other conditions outside the
validation range may not be reliable.
IMPAIR3 [11], IODE (ASTEC) [32],
and IMOD [30] are current and widely
known examples.

The data obtained from various research
projects, e.g. ACE, RTF, CAIMAN, SIE-
MENS, PSI, and PHEBUS FP were used
to develop and assess both types of codes
[33]. Although all the codes do predict the
separate-effect test results to a good degree,
they fail to produce adequate predictions
for large-scale integral tests, such as the
PHEBUS FPT1 test [4].

5. Release into the Environment

The amount of activity release into the
environment from accident containment is
dependent on whether the containment re-
mains intact or breached, the leak rates, and
the controlled release via the containment

filtered venting system.

The Three Mile Island (TMI) Unit 2 Acci-
dent (March 28, 1979, Harrisburg USA) was
a so-called ‘terminated accident’ so that only
partial core damage occurred and an intact
containment ensued. Hence iodine releases
to the environment were negligible.

In contrast, during the accident in Cher-
nobyl Unit 4 (April 25, 1986, Ukraine), half
of the iodine was released, since the plant
was not of western design and standards.
Many local children were exposed to ra-
diation doses sufficient to lead to thyroid
cancers. Initial radiation exposure in con-
taminated areas was due to the short-lived
iodine-131. Significant exposure occurred
via incorporation, i.e. via food, contami-
nated milk, and inhalation.

The definition of permissible levels
for iodine as for other FPs released from
the containment during a severe accident
depends generally on the regulatory prac-
tices. For instance, 1% of the iodine inven-
tory (mass) of a 1000 MWth reactor core
has been defined [34].

It is therefore extremely important to
improve knowledge of principal routes
for volatile iodine production in the con-
tainment and mitigation paths to convert
volatile iodine to non-volatile species. The
reduction of uncertainties in the modelling
will further improve the quality of safety
evaluations to demonstrate that the poten-
tial iodine source into the environment is
below regulatory requirements and will
thus not cause any ill health.

6. Conclusions

Given the undisputed hazard of suffi-
cient FP iodine in the environment, inten-
sive research efforts were made in the last
few decades to study its generation in fuel,
release during a severe accident involving
core melt, its transport and processes af-
fecting its speciation in NPP systems. Many
bench- and a few integral experimental tests
have provided, in particular, much informa-
tion on the process routes for volatile io-
dine generation. A large kinetic database
was produced on thermal and radiolytic
reactions in the aqueous phase under clean
and controlled conditions. Such data were
used to validate both types of codes to pre-
dict iodine behaviour. However, the current
state of knowledge of gas phase reactions
of iodine and organic iodide formation lags
somewhat behind the knowledge for the
aqueous phase. Efforts are also being ap-
plied to extend knowledge on the effects
of important sump constituents, such as ni-
trate, chloride and other FPs etc.

This paper has provided a limited over-
view of the main facets of iodine behaviour,
starting with its release from the degraded
core until its possible release into the envi-
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ronment. It has also described important ac-
tive and natural mechanisms to mitigate io-
dine release into the environment. However,
the authors have attempted to elaborate on
the current understanding and research ac-
tivities with the aim to convey an idea of the
significant need for a better understanding
of iodine systems and therefore to reduce
the uncertainties.
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