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ABSTRACT

The results of the Radioiodine Test Facility (RTF) tests performed in support of PHEBUS FP programme
are summarized.  These tests were designed to determine the effects of pH, condensation, silver metal, boric
acid buffer, painted coupons and cable sheathing material, on iodine volatility under PHEBUS FP
containment conditions.  The test results were also analyzed using a simple iodine model, IMOD, to aid in
the interpretation of the integrated results.  The model and the model analysis results are also presented.

1. INTRODUCTION

Six tests were performed in the Radioiodine Test Facility (RTF) as part of the in-kind work under
the COG (CANDU Owners Group)/IPSN (Institut de Protection et de Surete Nucleaire) PHEBUS FP
agreement.  The main objective of the RTF studies was to aid in the interpretation of iodine behaviour
during the chemistry phase of integrated PHEBUS FP experiments.  The RTF tests were particularly
designed to study the effects of pH, the presence of silver, boric acid, cable sheathing and painted coupons,
and condensation on iodine behaviour.  Because of the limited number and the integrated nature of the tests,
the PHEBUS RTF test results have only surveyed the integrated effects of these parameters.  The RTF
results have been thus analyzed using a simple iodine model (IMOD) [1] to separate and quantify the
effects of the individual parameters.  The RTF results and the interpretation of the results using IMOD are
presented in this paper.

2. EXPERIMENTAL

The experiments were performed in the RTF at AECL’s Whiteshell Laboratories.  Because the
RTF has been described in detail elsewhere [2], only a brief description of the facility and a typical
PHEBUS RTF test procedure are presented here.  The RTF consists of a replaceable, cylindrical main
vessel into which a 60Co radiation source can be placed.  The radiation source provided the aqueous phase
with an absorbed radiation dose rate of about 1.1 kGy⋅h-1 in January 1994 (when PHEBUS RTF Test 1
was performed).  (The absorbed dose rate decreases with time as the cobalt source decays with a half life of
5.3 years.)  The PHEBUS RTF tests was carried out in electropolished 316 L stainless steel vessels,
containing 30 dm3 water (sump) and 310 dm3 gas volumes.  The sump temperature was kept at 90oC and
the wall temperature either at 110oC (referred to as non-condensing condition) or at 78-82°C (referred to as
condensing condition).  Painted coupons were also present in the gas phase (3 coupons, each 250 cm2 in
area) and in the aqueous phase (8 coupons, each 18.7 cm2 in area) to determine iodine sorption on painted
surfaces.  Silver wool (30 or 200 g) was added to the sump in two tests to determine the effect of silver on
iodine volatility.  The effect of the presence of 0.3 mol⋅dm-3 boric acid and cable sheathing in the aqueous
phase was also studied.  The pH of the sump was controlled during the tests at a desired value, ranging
from 5 to 9.  The standard conditions of the PHEBUS RTF tests and deviation from these standard
conditions in each test are summarized in Tables 1 and 2 (refer to PHEBUS RTF data reports for details
[3-8]).
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Each test generally started with an injection of 131I labelled CsI (or I3
− for Test 4) into the aqueous

phase, to provide an initial aqueous iodide concentration of about 1 × 10-5 mol⋅dm-3.  This was followed by
on- and off-line detection of iodine concentrations in the gas and aqueous phases as a function of time.  Gas
and aqueous speciation samples were also taken periodically.  Finally, the iodine surface loading was
determined by washing the vessel at the end of each test, measuring the 131I activity in the washes, and
measuring the remaining activity on the surfaces.  The final iodine activities on the coupons placed both in
the gas and the aqueous phases during the tests were also used to determine and confirm the iodine surface
loading.

Uncertainties in RTF measurements are sometimes difficult to quantify.  The uncertainty in the
total gas phase iodine measurements due to instrumentation is estimated to be about 10%.  However, the
PHEBUS tests are complicated by the high temperature chosen for these tests which causes condensation in
the gas sampling lines.  The total gas phase iodine concentration in these tests is estimated to be accurate to
within a factor of 2, based on the agreement between the on-line and off-line measurements.  Uncertainty in
the total aqueous phase iodine measurement is in the 10% range.  Further discussion on experimental
uncertainty can be found in PHEBUS RTF data reports [4-8].

TABLE 1:  Standard Conditions of PHEBUS RTF Tests

Vessel Electropolished  316 L stainless steel
Volumes 30 dm3 sump -  310 dm3 gas phase
Sump Temperature 90°C
Wall Temperature 110°C
pH 5
Initial Iodine Species 1 × 10-5  mol•dm-3 CsI
Additives 0.3 mol•dm-3 Boric acid
Painted Coupons Epoxy paint - Hydrocentrofugon 901 Ripolin White

Gas phase coupons - 3 × 250 cm2

Aqueous phase coupons - 8 × 18.7 cm2

Radiation Source  0.7 to 1.1 kGy·h-1 (60Co)

TABLE 2:  Description of PHEBUS RTF Tests

Test Conditions (Deviation from Standard Conditions)
PHEBUS RTF 1 Standard conditions, pH = 5.1±0.4
PHEBUS RTF 2A pH steps (9,8,7,5,9), no boric acid
PHEBUS RTF 2B pH step from 5 to 9, no boric acid
PHEBUS RTF 3 32 g Silver wool, second addition of 7.5 × 10-5 mol·dm-3 CsI at 21 h
PHEBUS RTF 4 pH 5 and 9, I3

–, no radiation, no painted coupons
PHEBUS RTF 5 Condensing conditions (sump 90°C, walls 78-82°C)
PHEBUS RTF 6 pH 9, 200 g Silver wool, cable sheathing, condensing conditions

3. RESULTS AND DISCUSSION

The details of the test results have been published in a series of data reports [3-8].  The main
results are presented in the figures throughout the following sections, where they are compared with the
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model analysis results.  As mentioned above, the results have been analyzed using a simple iodine model,
IMOD, to separate and quantify the effects of various parameters.  Prior to the comparison, the model used
for the analysis is briefly discussed.

3.1. Model Description

The PHEBUS RTF test results have been analyzed using IMOD [1], a simplified iodine model
which was derived from the comprehensive mechanistic model, LIRIC [9,10].  Among the chemical
reactions and mass transport processes modelled in IMOD, those that are relevant for the analysis of the
PHEBUS RTF are listed in Table 3.  Each iodine reaction path in Table 3 represents many steps in LIRIC,
so that the physics and chemistry associated with these steps are reflected in the effective rate constants of
the reactions in IMOD.  In IMOD, these rate constants are defined as a function of radiation dose,
temperature, pH, type of surface, surface area, gas and aqueous volume, based on parametric studies with
LIRIC.  The basis of the reaction set and the rate constants defined in IMOD has been discussed in detail
elsewhere [1] and only those relevant to the PHEBUS RTF test are briefly described below.

TABLE 3: Reactions Modelled for the PHEBUS RTF Tests in IMODa

# Reaction Rate
Aqueous Iodine Reactions

R1 NONVOLI(aq)   →   VOLI(aq) kf ⋅[NONVOLI(aq)]
R2 VOLI(aq)   →   NONVOLI(aq) kb⋅[VOLI(aq)]
R3 VOLI(aq)  +  Ag   →   NONAQI kAg [VOLI(aq)]

where kAg = vAg⋅AAg/Vaq

Liquid-Gas Interfacial Mass Transfer
MT1b VOLI(aq)       ↔   VOLI(g) function of  kMT, HVOLI

VOLI(g)-Dry Surface Interaction
AD1b VOLI(g)          →   I(ad) function of

k v A / V )AD
W

AD
W

g g(= ⋅ , SATw on SS walls

k v A / V )AD
C

AD
C

g g(= ⋅ , SATc on coupons

AD2b I(ad)                →   VOLI(g) function of kDES, SATw from SS walls
Absorption of VOLI(g) in Condensing Film on Walls

CON1 VOLI(g)         →   I(con) kCW
AD ⋅[VOLI(g)]

where kCW
AD = vCW

AD ⋅Ag/Vg

CON2 I(con)             →   NONVOLI(aq) kcon⋅[I(con)]
where kcon = Fcon/Vcon

a k and v represent first order rate constant (s-1) and deposition velocity (dm⋅s-1), whereas A, V and F
represent surface area (dm2), volume (dm3) and volume flow rate (dm3⋅s-1), respectively.  Superscripts
and subscripts, Ag, aq, g, con and C, W and CW represent silver, aqueous, gas, condensate, wall and
condensing film on the wall, respectively.

 b Rate equations for these mass transport processes are given in references [1,9,10].

In IMOD, iodine species are divided into six categories; (1) NONVOLI(aq), non-volatile iodine
species in the homogeneous aqueous phase, representing I−, IOx

−, etc, (2) VOLI(aq), volatile iodine species
in the homogeneous aqueous phase, representing I2 and organic iodides in the aqueous phase, (3) NONAQI,
iodine species adsorbed on surfaces (i.e., silver) in contact with water, (4) VOLI(g), iodine species in the
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gas phase, representing I2 and organic iodides in the gas phase, (5) I(con), iodine in condensing water film
on surfaces, representing I− formed by hydrolysis of I2 in the condensate on walls, and (6) I(ad), iodine on
dry surfaces in contact with the gas phase.

The conversion of non-volatile iodine (NONVOLI(aq)) to volatile iodine (VOLI(aq)) in the
aqueous phase, (R1) of Table 3, represents many different iodine reactions.  Nonetheless, the key reactions
contributing to the conversion are:

I–(aq) + •OH(aq) → I•(aq) + OH–(aq)  and (1)
I•(aq) + I•(aq) → I2(aq)  , (2)

where hydroxyl radical (•OH) is formed by water radiolysis [11,12].  Because these radiolytic reactions are
the key contributing reactions to the conversion, the default value of the rate constant of (R1) in Table 3, kf,
depends mainly on dose rate and, in IMOD, is defined as:

kf (s
−1) = (0.01 ± 0.001)⋅Dr  , (3)

where Dr is dose rate in units of kGy⋅h-1.  Depending when the individual test was performed, the rate
constant used for the analysis of the PHEBUS RTF tests ranged from 0.007 to 0.0106 s−1 (see Table 4).

The conversion of volatile iodine back to non-volatile iodine (i.e., (R2) of Table 3) mainly results
from the following three iodine reduction reactions [11,12]:

I2(aq) + H2O → HOI(aq) + I–(aq) + H+ (4)
I2(aq) + O2

– → I2
–(aq) + O2(aq) (5)

I2(aq) + H2O2 → 2I–(aq) + 2H+ + O2(aq) (6)

The default value of the rate constant of (R2) in Table 3, kb, in IMOD reflects their relative contribution to
the conversion reaction (R2) as a function of pH, temperature and dose rate, and is defined as:

kb (s
-1) = (8 ± 2) × 1016 ⋅exp(−∆Eb/RT)⋅[H+]-n⋅(Dr)

½ (7a)
n = (0.80 ± 0.04) + (500 ± 25)⋅(1/T − 1/298) (7b)
∆Eb (J⋅mol-1) = (134 ± 2) × 103 (7c)

where [H+] is in units of mol⋅dm-3, T in units of Kelvin, and R is the ideal gas constant, 8.314 J⋅mol-1⋅K-1.
These equations provide the value of kb for the PHEBUS tests, ranging from 0.66 at pH 4.5 to 126 at pH 9
(Table 4).  The strong dependence of iodine volatility on pH is because the iodine reduction reactions
(Reactions (4) to (6)) are very sensitive to pH.

Reaction (R3) in Table 3 was included in the analysis only when silver was present in the test.  The
use of (R3) for the iodine-silver interaction implicitly states that the interaction occurs mainly by the
reaction of I2(aq) (i.e., VOLI(aq)) with silver:

I2(aq) + Ag → AgI (8)

A deposition velocity, vAg, of 0.01 dm⋅s-1 was used for adsorption of I2(aq) (i.e., VOLI(aq)) onto silver, and
the surface area of silver wool was assumed to be proportional to its weight.
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In all PHEBUS RTF tests, iodine loading on the painted coupons, or stainless steel coupons or
walls, in contact with water, was observed to be negligible (less than 1% of total iodine inventory in the
RTF).  Thus, iodine adsorption on surfaces (except silver) in contact with water was not included in the
model simulations.

The homogeneous aqueous phase reactions, (R1) to (R3) of Table 3, determine the production of
volatile iodine in the aqueous phase.  For the PHEBUS RTF tests, the level of organic impurities in the
aqueous phase (dissolved from painted coupons placed in the aqueous phase) is relatively small, so organic
iodide production was ignored.

The volatile iodine formed in the aqueous phase partitions to the gas phase: (MT1) of Table 3
[1,9,10].  This liquid-gas interfacial partitioning is modelled in IMOD based on a two resistance model.  The
model states that, for a given interfacial surface area and gas and aqueous volumes, the mass transfer rate of a
species depends on two fundamental parameters; kMT, the overall mass transfer coefficient and H, the partition
coefficient defined as the ratio of the concentration of a species in the aqueous phase to its concentration in the gas
phase at equilibrium.  The kMT value used for the analysis of the PHEBUS RTF tests under non-condensing
conditions is based on the mass transfer rate measured in the RTF at room temperature but taking into account its
temperature dependence (Table 4).  The value for kMT under condensing conditions was assumed to be about an
order of magnitude larger because the change in thermalhydraulic conditions due to condensation was considered
to increase the mass transfer rate.  Because the mass transfer rate used for the non-condensing conditions was
already large, this increase in kMT as a result of condensation did not have a significant impact on the calculated
results.  The partition coefficient of VOLI, HVOLI, and its temperature dependence were assumed to be those of I2.

For the analysis of the tests performed under non-condensing conditions, the iodine and surface
interaction (i.e., (AD1) and (AD2) of Table 3) contained two components: iodine sorption on
electropolished stainless steel wall and on painted coupons hanging in the gas phase.  The iodine deposition
velocity, vAD, on the electropolished stainless steel wall used for the PHEBUS RTF analysis was
1 × 10-3 dm⋅s-1.  The same vAD, which was based on the bench-scale adsorption measurements [13,14], was
used for all the simulations of the tests performed under the PHEBUS RTF conditions and appears to
reproduce the PHEBUS results reasonably well.  The desorption rate constant of iodine from
electropolished stainless steel surface used for the PHEBUS RTF tests was 1 × 10-5 s-1.

Table 4:  Rate Constants Used for the PHEBUS RTF Tests

Test 1 2a 2b 3 5 6
pH 4.9 5.2 9 8 6.8 4.7 5.2 4.5 9 5 5 9

kf (s
-1)a 0.0106 0.0099 0.0086 0.0091 0.0075 0.007

kb (s
-1)b 1.16 1.64 126 39.8 10 0.795 1.41 0.66 117 1.21 1.1 106

kMT (dm⋅⋅s-1) 5.6 × 10−4 5.0 ×10−3

vAD
C (dm⋅⋅s-1)c                                                 3.0 × 10−2

vAD
W (dm⋅⋅s-1)c 1 × 10−3 0

kDES
W (s-1)c 1 × 10−5 0

vCW
AD  (dm⋅⋅s-1)c 0 7 × 10−4

kcon (s
-1) 0 0.03

a kf varies from test to test due to different dose rates used in the tests.
b kb varies from test to test due to different pH and dose rate used in the tests.
c Superscripts, C, W and CW represent coupon, wall and condensing water film on the wall, respectively.
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For the adsorption onto the painted coupons in the gas phase, a deposition velocity, vAD
C , of

3 × 10-2 dm⋅s-1 was used.  This value, when temperature dependence is taken into account, is comparable
with the deposition velocities used to simulate RTF tests with the LIRIC model [10].  It is reasonable to
expect that the adsorption rate onto organic surfaces should increase with increasing temperature, because
it is thought that adsorption onto painted surfaces is an irreversible chemisorption process.  Iodine
desorption from painted coupons was assumed to be negligible.

Under condensing conditions, the absorption into the condensing water film on the wall was
modelled using a deposition velocity of 7 × 10-4 dm⋅s-1.  Iodine desorption from condensed water on walls
was not included because iodine is quickly hydrolyzed to I– upon contact with condensing water film.
Because the painted coupons were suspended away from the cooled walls, it is thought that no significant
condensation occurred on the painted coupons in PHEBUS RTF Tests 5 and 6.  Thus, the same deposition
velocity for the painted coupons was used for all six tests.  The condensing rate, kcon, used in the analysis is
the experimentally measured value.

3.2 Analysis and Discussion

The PHEBUS RTF test results are presented in comparison with the simulation results using
IMOD in this section.  Note that RTF Test 4 is not considered in the current study.  The objective of RTF
Test 4 was to determine a specific parameter on the gas-aqueous interfacial mass transport of I2 in the
absence of radiation, and thus was not analyzed using this model.  The remaining tests are divided into two
groups for the analysis: (1) without silver metal; RTF Tests 1, 2A, 2B and 5, and (2) those with silver
metal; RTF Tests 3 and 6.  In the presence of silver, the reaction of iodine with silver dominates the iodine
reaction pathways.  The first group is further divided into non-condensing (RTF Tests 1, 2A and 2B) and
condensing (RTF Test 5) cases.

3.2.1 RTF Tests 1, 2A and 2B - Non-Condensing Conditions

These tests were performed under non-condensing conditions (i.e., sump temperature at 90oC with
the wall in contact with the gas phase at 110oC) and in the absence of silver.  The pH of the water was
controlled at various values, ranging from 4.5 to 9.  The results (Figures 1 to 3) show that the gas phase
iodine concentration increased with a decrease in pH, and that, for a given pH and temperature and in the
absence of silver, the gas phase iodine concentration initially increased with time, but later decreased in a
slow exponential (appears almost linear) fashion.  During the decrease in the gas-phase iodine
concentration, the total aqueous phase iodine concentration also decreased in a slow exponential fashion.
The exponential decreases in the aqueous and gas-phase iodine concentrations are due to the iodine
adsorption on the electropolished stainless steel wall and on the painted coupons in the gas phase.  A
comparison of the aqueous and gas-phase iodine concentrations observed at pH near 5 in RTF Test 1 (with
boric acid) and RTF Test 2B (without boric acid), suggests that the presence of 0.3 mol⋅dm-3 boric acid in
the aqueous phase has no noticeable effect on iodine behaviour.
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Figure 1: Total iodine Concentration (a) in the Aqueous and (b) in the Gas Phase (RTF Test 1).  The pH
value used for the simulation was 4.9 for 0 to 40 h and 5.2 for 40 to 70 h.

The simulations results using IMOD are compared with the RTF test results in Figures 1-3.  The
simple iodine model reproduces the observed gas-phase iodine concentration to within a factor of 2 and the
aqueous phase concentration to within 10%, all within the measurement uncertainties, except at early
stages of the tests and following ~ 80 h into RTF Test 2A (see discussion below).  The simulations could
be improved if the observed pH was used in the calculations.  For the simulations shown here, the pH was
kept constant over a period of time until a significant pH jump was introduced (see figure captions).  Also
note that the iodine concentrations observed following ~ 80 h into RTF Test 2A was affected by the
addition of 5 dm3 fresh water to the aqueous phase each at 79.7, 89.6 and 95.1 h.  This was done to
maintain the volume of the sump water.  There was a leak in the aqueous recirculation loop (in the valve
leading to medium waste drain) which was speculated to have started at ~ 70 h into the test but the source
of the leak was not identified and corrected until 95 h into the test.  The fresh water additions were not
simulated.
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Figure 2: Iodine Concentrations (a) in the Aqueous and (b) in the Gas Phase (RTF Test 2A).  The pH
value used for the simulation was 9.0 for 0-24 h, 8.0 for 24-35.5 h, 6.8 for 35.5-47.5 h, 4.7 for
47.5-87 h, 5.2 for 87-96 h and 9 for 96 h to the end of the test.  Note that the sudden drop in the
iodine concentration at ~ 80 h was mainly due to the addition of fresh water (see text).

The gas-phase iodine concentrations at the beginning of these tests (most noticeable in Test 2B)
increased much more slowly than expected.  The cause of this slow increase is not likely due to the
gas-aqueous interfacial mass transfer rate because this slow change was not observed during sudden pH
changes (see Figure 2).  The adsorption of iodine on surfaces in the aqueous phase is also ruled out as a
possible cause because the adsorption of iodine on the surface would have drastically reduced the aqueous
iodine concentration.

The initial shape of the curve of the gas-phase iodine concentration suggests that reactions such as:

VOLI(aq) + Impurity(aq) ↔ Iodine Complex(aq) (9a)
Impurity(aq) → Decomposition Products (9b)

may be occurring in the aqueous phase.  For example, I2(aq) may react with organic impurities to establish
a fast equilibrium with a nonvolatile charge transfer complex.  Slow radiolytic decomposition of this
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organic impurity would result in a slow release of VOLI(aq), and consequently VOLI(g).  The proposed
mechanism was tested in the simulation of the PHEBUS RTF Test 2B (Figure 3)1.  Alternatively, it may be
possible that I2(aq) is reacting with certain active sites on the stainless steel surfaces to form FeI2, which is
readily dissolved back into the aqueous phase as I−.  Assuming a finite number of active iron sites, this
process would produce the same observed effect as the organic impurity scheme.  At this point we do not
have experimental data to confirm either of the explanations.  The simulation result suggests that a reaction
such as proposed above may be required to explain the observed gas-phase iodine behaviour at the
beginning of the test.
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Figure 3: Total iodine Concentration (a) in the Aqueous and (b) in the Gas Phase (RTF Test 2B). The
pH value used in the simulation was 4.5 for 0 to 45 h and 9 for 45 h to the end of the test.

                                                       
1 The results shown in the figures were obtained using 1 × 103 dm3⋅mol-1⋅s-1 and 2.5 × 10-3 s-1 for the forward and
backward rate constants of Equilibrium (9a) and 8 × 10-5 s-1 for the decomposition rate of Reaction (9b) and
1 × 10-3 mol⋅dm-3 for the impurity concentration.
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The simple iodine model, consisting of the reactions listed in Table 3, reproduces the results of the
PHEBUS RTF tests performed over a wide range of pH values under non-condensing conditions very well.
This implies that the values of kb  for (R2) in the model, which provides the main pH dependence are
adequately defined.  IMOD defines the rate constant as a function of pH, temperature and dose rate.  At
90oC, the rate constant depends on [H+]-0.5 (see Equation (7)).

3.2.2 RTF Test 5 - Condensing Conditions

PHEBUS RTF Test 5 was performed at pH 5 and under condensing conditions, with a wall
temperature of 77-82°C and a pool temperature of 90°C. The iodine concentrations observed in this test are
shown in Figure 4.  The gas-phase iodine concentration appeared to be slightly larger, compared to that
observed at similar pH under non-condensing conditions.  As in the non-condensing cases, the aqueous and
gas-phase iodine concentrations in the PHEBUS RTF Test 5 also decrease exponentially with time.  This
also results in an exponential decrease of the iodine concentration in the condensate because the behaviour
of iodine in the condensate should follow the gas phase concentration.
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Figure 4: Iodine Concentration (a) in the Aqueous and (b) in the Gas Phase (RTF Test 5). The pH value
of 5 was used in the simulation.
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The simple iodine model reproduces the observed gas phase iodine concentration to within a factor
of 2 and the aqueous phase concentration to within 10%, within the measurement uncertainties, except at
early stages of the tests.  The simulated iodine concentration in the gas phase and the condensate are
initially higher that those observed.  Similar reaction mechanisms (Reactions (9a) and (9b)) to those
suggested for RTF Test 2B are also considered to be responsible for the initial slow increase in gas phase
iodine observed in this test.

In RTF Test 5 the exponential decreases in the aqueous and gas phase concentrations are mainly
due to the iodine adsorption on the painted coupons because the iodine that absorbs into the condensed
water film returns to the aqueous phase and therefore does not affect the time dependent behaviour of the
aqueous or gas phase iodine concentration.  The overall loss of iodine from the gas and aqueous phase due
to adsorption of iodine on dry surfaces is therefore slower, and should result in a higher gas phase iodine
concentration, under the condensing conditions, compared to non-condensing conditions (RTF Test 1).
This higher gas phase iodine concentration also resulted in higher loading of iodine on the painted coupons
in the gas phase under condensing conditions than under non-condensing conditions.  The iodine loading on
the painted coupons measured at the end of test was much higher in RTF Test 5 than in RTF Test 1 (cf.
72% of initial inventory in RTF Test 5 versus 10% in RTF Test 1)

3.2.3 RTF Tests 3 and 6 - Effect of Silver

PHEBUS RTF Tests 3 and 6 were performed in the presence of silver: Test 3 at pH ~ 5 under non-
condensing conditions, and Test 6 at pH ~ 9 under condensing conditions.  The results of RTF Tests 3 and
6 are shown in Figures 5 and 6.  With silver metal in the aqueous phase, the iodine reaction with silver
dominates the behaviour of iodine. In the presence of silver metal, the total aqueous phase iodine
concentration decreased rapidly (exponentially) with time as did the iodine concentrations in the gas phase
and the condensate.  The exponential decay rate of the total aqueous phase iodine concentration was
observed to be much slower at pH 9 than at pH 5.  Note that the increase in aqueous phase iodine at 21 h of
RTF Test 3 was due to an intentional second addition of 7.5 × 10-5 mol·dm-3 of CsI.

For the simulation of RTF Tests 3 and 6, the silver-iodine reaction ((R3) of Table 3) was included.
The silver-iodine interaction was assumed to occur by Reaction (8), i.e., by the reaction of molecular
iodine, I2(aq), with silver metal.  The same deposition velocity of I2(aq) on silver (0.01 dm⋅s-1) was used for
the analysis of the both tests containing silver.  In Test 6, the pH was maintained at 9 and the total silver
mass, WAg, was 200 g, whereas in Test 3, the pH and WAg were 5 and 30 g, respectively.  As the pH
increases from 5 to 9, the rate constant kb increases by a factor of about 150 (see Table 4).  On the other
hand, the increase in the silver mass from 30 to 200 g correspondingly increases the rate constant kAg of
(R3) of Table 3 by a factor of 6.7.

The silver-iodine reaction (8) with one single iodine deposition velocity successfully reproduced the
iodine concentrations under a wide range of conditions (i.e., pH ranging 5 to 9, initial iodide concentration
1 × 10-5 to 7.5 × 10-5 mol·dm-3 and the amount of silver of 32 to 200 g).  This indicates that the
silver-iodine interaction may be adequately described by the reaction of I2 with silver metal.

There was a long delay before the exponential decrease in the aqueous phase started in RTF Test 6,
which can be explained as follows.  In Tests 3 and 6, the silver wool was housed in a container made of
stainless steel mesh.  Because of the larger mass of silver used, there was more contact of Ag with stainless
steel in RTF Test 6, as compared to RTF Test 3.  When AgI is in contact with iron, the following reaction
is known to occur:
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AgI + Fe → Ag + FeI2. (10)

where FeI2 dissolves easily in water, releasing I– [15].  We have observed this phenomena in bench-scale
tests using iron powder as well as steel filings and coupons.  The overall impact of this reaction is to delay
the deposition of iodine on silver.  The proposed mechanism was tested in the simulation shown in Figure 6,
which included Reaction (10) until 25 h, after which reactive Fe is assumed to be exhausted.  The
mechanism may be one way to account for the observed iodine behaviour.
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Figure 5: Iodine Concentration (a) in the Aqueous and (b) in the Gas Phase (RTF Test 3). Note that the
gas phase data shown is from the off-line samples2.

Both RTF Test 5 (see Section 3.2.2) and RTF Test 6 were performed under condensing conditions,
however, other conditions of the two experiments were very different.  In Test 5, the pH was 5 and the
silver was absent, whereas in Test 6, the pH was 9 and silver was present.  These differences resulted  in

                                                       
2 There was a large discrepancy between the on-line and off-line (grab samples) methods of measurement between
20 and 30 hours, which was the time just after the second addition of CsI was made.  The reason for this unusually
large discrepancy has not been established.
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significantly different gas phase iodine concentrations: ~ 3 × 10-9 and ~ 6 × 10-11 mol⋅dm-3 in RTF Test 5
and RTF Test 6, respectively.  Nonetheless, the reactions describing iodine absorption into condensing film
on wall ((CON1) and (CON2) of Table 3) with same rate constants for these reactions have reproduced the
data well, indicating the process was adequately described by the two simple reactions.
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Figure 6: Iodine Concentration (a) in the Aqueous and (b) in the Gas Phase (RTF Test 6)

In addition to silver and painted coupons, there were also samples of cable sheathing present in
RTF Test 6.  The model excluded any reactions, absorption, or any other changes due to the presence of
cable sheathing, because none was observed experimentally.  The model reproduces the RTF Test 6 results
well, supporting the observation that the effect of cable sheathing is negligible.

4. CONCLUSIONS

Six tests were performed in the Radioiodine Test Facility (RTF) as part of the in-kind work under
the COG (CANDU Owners Group)/IPSN (Institut de Protection et de Surete Nucleaire) PHEBUS FP
agreement.  The effects of pH, condensing conditions, silver metal, boric acid buffer, painted coupons and
cable sheathing material, on iodine volatility were examined.  The PHEBUS RTF test results were also
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analyzed using the simple iodine model, IMOD.  The model successfully reproduced the iodine
concentrations observed over the wide range of conditions examined during the test series.

These studies show that the gas phase iodine concentration increased with a decrease in pH.  At
90oC water temperature and other conditions used in the PHEBUS RTF tests, the gas-phase iodine
concentration is approximately proportional to [H+]-0.5.  This dependence mainly arises from the pH
dependence of the overall rate of the iodine reduction reactions (4) to (6).

For a given pH and temperature, and in the absence of silver, the gas phase iodine concentration
initially increased with time, but later decreased in a slow exponential fashion.  During the decrease in the
gas phase iodine concentration, the total aqueous phase iodine concentration also decreased in a slow
exponential fashion.  The decrease both in the gas and aqueous phase iodine concentration was due to
iodine adsorption on dry surfaces.  The simple iodine model reproduced both the gas and aqueous phase
iodine concentrations over a wide range of pH, indicating that the liquid-gas interfacial mass transfer and
the iodine adsorption on dry surfaces are adequately described in the model.

When silver is present, iodine behaviour is dominated by the iodine-silver interaction. The total
aqueous phase iodine concentration decreased rapidly (exponentially) with time as did the iodine
concentrations in the gas phase and the condensate.  The simple iodine model using just the reaction of
I2(aq) with silver, Reaction (8), successfully simulated the tests performed over a wide range of conditions.
A reaction involving I− with AgOX was not required.

Under condensing conditions, the iodine concentration in the condensate also decreased slowly with
time.  The gas-phase iodine concentration was slightly larger under condensing conditions than under
non-condensing conditions.  This was due to the fact that the total iodine adsorbed on dry surfaces was
smaller under condensing conditions.  In the tests performed under condensing conditions, only painted
coupons provided the dry surface for iodine adsorption, compared to both electropolished stainless steel
wall and the painted coupons in the other tests.  The higher gas-phase iodine concentration observed under
the condensing condition also resulted in higher iodine loading per surface area of the painted coupons,
compared to the non-condensing conditions.  The iodine absorbed from the gas phase into the condensate
returned back to the aqueous phase and thus did not reduce the total iodine in the gas and aqueous phases.
The iodine absorption into the condensing water film on the wall was adequately described by I2(g) sorption
on the film, followed by instantaneous hydrolysis to I−, and the mass transport of I− back into the bulk
water phase.

The success of the model analysis indicates that iodine behaviour encountered during these tests is
reasonably well understood, and no major processes are excluded from the model.  The analysis of the RTF
test results using a set of fundamental reactions and processes makes the RTF results scaleable to other
containment conditions and geometries.  The next step should be the application of the model to the
PHEBUS FP tests.
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