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ABSTRACT

Containment structures of nuclear power plants have many inner surfaces coated with
nuclear grade paints. These may provide a valuable sink for radioiodine and hence
may aid to minimize its release to the environment following a possible accident. The
objective of this on going work is to identify and evaluate significant parameters
involved in the sorption of iodine on painted surfaces and thereby develop a kinetic
model. To date two paints have been studied, an inorganic zinc primer and a vinyl
paint.

Experiments were performed by passing 1 3 1 I2 gas in air through 0.25" glass tubing
coated on the inner surfaces with paint. Tubing was used to produce well
characterized and rapid gas phase mass transfer. The accumulation of iodine on the
surface was monitored continuously using two parallel scintillation detectors coupled to
a PC based multi-channel analyzer. Test parameters such as temperature, humidity,
flow-rate, and iodine concentration could be adjusted independently.

The zinc primer demonstrated a high affinity for iodine. The rate of adsorption was
found to increase at lower temperatures and higher humidities. The adsorption rate
was directly proportional to the gas phase iodine concentration indicating a first order
process. Desorption occurred at a relatively constant rate at surface coverages below
10'6 mol Ij/cm2. Iodine that desorbed from these surfaces was mostly in the chemical
form of elemental iodine (l2).

The vinyl paint showed a much lower affinity for iodine. Steady state adsorption was
found to increase with increased gas phase iodine concentrations. Humidity had no
observable effect on the rate of adsorption. Desorption rates were found to increase
with increased temperature and it is suggested that the desorption process is first
order with respect to surface iodine loading.
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INTRODUCTION

It is generally recognized that following a serious reactor accident, iodine is potentially
one of the most dangerous and immediately important fission products that could be
released to the environment. Many surfaces within nuclear reactor containment
structures are coated with paints which may act as sinks for iodine, thereby
decreasing the amount of iodine available for release. It is therefore desirable to
generate a better understanding of how iodine interacts with surfaces coated with
nuclear grade paints.

The primary reasons for applying paints to structures within containment are to reduce
the corrosion of exposed carbon steel surfaces and to protect steel and concrete
surfaces from deposition of radioactive contamination. There are many steel
components within containment which include structural materials, mechanical
equipment, electrical equipment, and piping. Corrosion protection of these items is a
direct safety-related goal in that these components are required for day-to-day safe
operation and control of the reactor.

The coating of containment surfaces also facilitates the removal of radioactive
contamination. In the normal operation of a reactor, it is necessary for personnel to
gain access to the containment for maintenance purposes. Highly contaminated
surfaces greatly restrict the amount of time available to these personnel to carry out
their tasks due to the associated high radiation fields. [1]

The purpose of this study is to identify important parameters in the sorption of iodine
onto containment paints and to propose kinetic models based on experimental
evidence. This work describes some results from an ongoing study of four nuclear
grade paints. To date two paints have been studied, an inorganic zinc primer and a
vinyl based paint. Both are suitable for use in the nuclear industry for applications
under high radiation fields.

THEORETICAL BACKGROUND

Iodine Chemistry

Iodine is an element with one stable isotope (127I) and possibly greater than 30 isotopic
forms. Many of the heavier iodine isotopes are possible fission products of 235U with
half-lives ranging from 0.2 seconds to 15.7 million years. [2] Radioiodine produced
within uranium fuel pellets often escapes into the axial gaps within the fuel where it
reacts with other fission products particularly cesium to form cesium iodide. [3]



Iodine has principal valence numbers of - 1 , 0, +1, +3, +5, and +7 and compounds are
known in each of these oxidation states. [4] Prediction of the chemistry of iodine in
containment following an accident is quite complicated, particularly when the myriad of
possible radiolytic reactions are considered. A number of chemical forms would be
expected to be present including I", l2, HOI, IO3\ and Rl (organic iodides). Of these l2 and
Rl are volatile and hence have the greatest potential for release from containment.

Sorption Phenomena

Sorption, here referring both to adsorption and desorption processes, is a fundamentally
important phenomena as related to this work. In order for iodine to attach itself to painted
surfaces, it must complete the following steps. Iodine is transferred from the bulk fluid
(either gas or liquid) phase through a stagnant boundary layer and then encounters the
surface where it becomes physically adsorbed. Physical adsorption occurs through the
weak attraction force between the adsorbate and the adsorbent, predominantly due to
Van der Waals forces. Chemical reaction may then occur if two species are in sufficient
proximity at the surface and if the reaction is thermodynamically possible. It is not
necessary for chemical reaction to occur for the iodine to remain adsorbed. The iodine
may be retained through physisorption. If chemisorption occurs, chemical reaction creates
bonds of strength similar to those of other chemical bonds. [5] It is also possible for the
physically adsorbed species to diffuse into the surface or through surface cracks before
any chemical reaction occurs.

A desorption process may involve a reversal of any diffusion into the surface
accompanied by a reversal of any chemical reactions. It is also possible that a reaction
forming a more mobile chemical species may lead to desorption. After leaving the surface
the species crosses the boundary to the bulk fluid phase and is carried off or reacts. All
of these steps occur at characteristic rates and the total rate is often governed by the
slowest step in the series, the rate limiting process.

It is suggested that adsorption and desorption can be modelled with the simple differential
equation:

dCs/dt=kgCg-ksC8 (1)

Properties of Paints

Carboline Carbo Zinc 11 Inorganic Zinc Primer

This zinc primer is a self curing primer that consists of a basic zinc silicate complex.
This paint is intended to protect steel galvanically thus eliminating sub-film corrosion. It
can be applied in one coating or as a base coat for organic and inorganic topcoats in
more severe applications.



International Paints Intervinux VM Vinvl Paint

Vinyl resins are straight-chain thermoplastic polymers resulting from addition
polymerization reactions of compounds containing the vinyl group CH2=CH-. Intended
uses are for coating of steel and concrete in order to withstand chemically contaminated
wet conditions. Vinyl paints withstand marine and other corrosive environments and have
a wide range of temperature applicabilities.

EXPERIMENTAL PROCEDURE

Figure 1 illustrates the experimental apparatus used in this study. It was designed to
allow independent variation of four parameters: temperature, relative humidity, gas
flow rate, and iodine gas phase concentration. All tubing and fittings were made of
Teflon.
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Figure 1: Experimental apparatus

The system operated under suction. Ambient air from the laboratory was drawn in,
humidified, and mixed with iodine. By adjusting the flowmeters on each of these streams,
various humidities and gas phase iodine concentrations could be achieved. The relative
humidity and temperature of the gas was measured at the point of connection of the air
stream and the humidified air stream.



The iodine source was a sealed Teflon vessel with two ports for connection to the system
and one additional port for direct injection or removal of material. The two inlet/outlet ports
were configured in such a way that air could either be passed through the vessel or
simply over top of one of the ports. This allowed for a major adjustment in gas iodine
concentration in addition to more sensitive variation using the appropriate flowmeter.
When air was passed into the container, increased mass transfer allowed for a higher gas
phase concentration to be achieved. When the air was passed overtop the vessel, iodine
came out of the container by diffusion, thus yielding a much lower gas phase iodine
concentration. This system produced gas phase l2 concentrations ranging from 10'7to 10'
11 mol/L

The labelled 1 3 1 I 2 was prepared by mixing 1 mL of 0.5 M aqueous Csl or Nal solutions
with 5-40 MBq of Na131l tracer (Merck Frosst) in the vessel. The vessel was then closed
and 1.7 mL of 10 M H2O2 and 1.3 mL of 12 M H2SO4 were injected thus reacting all the
I" to l2. Concentrations were selected in such a way that when all the I' was converted,
the resulting concentration of l2 was super-saturated and solid iodine was precipitated.
When the iodine left the solution due to mass transfer, more iodine dissolved, thus in
theory maintaining a constant liquid iodine concentration. It was found however, that this
method did not yield constant gas phase iodine concentrations. These concentrations
dropped by as much as a factor of 20 over a 48 hour experiment, with most of the drop
occurring within the first few hours. A new method was later developed. This involved
preparing 250mL of a 2 M Nal (BDH Chemicals) solution and then dissolving 8.69g of l2
(BDH) to yield 1.37x10"1 M triiodide (l3) through the reaction:

l2 + I = l3- (2)

Tracer was added directly to this solution. As l2 left the solution, it was replenished via
rapid equilibrium. This method yielded much more constant gas phase concentrations that
dropped at a constant rate by less than a factor of 3 over a 48 hour experiment where
air was passed through the iodine source vessel. The consistency of gas phase
concentrations when air is passed overtop of the source has not yet been fully assessed.
With both methods, the solutions were continuously stirred.

The samples were 6" lengths of 0.25" (ID) glass tubing painted by sucking in the paint
and then shaking out the excess amounts. These tubes were left to dry for approximately
one week before use. The samples were connected to the system with Teflon fittings.
2x2" Nal scintillation detectors were used to detect the iodine on the surface. The
detectors were connected to a PC based multi-channel analyzer (MCA) (Aptec
Engineering card model 1201) for continuous monitoring and data collection. Samples
were heated with electrical heating tape wrapped around a larger glass tube that was
slipped over the samples. Temperature was controlled with Cole-Parmer temperature
controllers with the thermocouples connected directly to the sample tube surfaces. The
temperatures reported here are those measured on the tubing surface. The air was not



heated and remained at essentially room temperature when passing through the samples.
The relative humidity was measured at room temperature.

Gas phase l2 concentrations were measured by diverting the air flow through TEDA
charcoal packed in Tygon tubing for a few minutes. The activity on these tubes was
assayed using a 3x3" well type LKB Compugamma Nal scintillation detector. In some
experiments the concentration was continuously monitored by replacing one of the
painted tubing samples with a glass tube packed with TEDA charcoal. The activity on the
charcoal could then be measured on-line using the PC based MCA system.

Air leaving the system passed through an iodine trap containing TEDA charcoal in order
to remove the iodine before the flow reached the pump. Gas flow rates usually ranged
between 0.5-4.0 L/min. High flows provided very rapid and well characterized mass
transfer in the system. The entire apparatus was installed in a fume food in a medium
level radioisotope laboratory.

RESULTS AND DISCUSSION

Inorganic Zinc Primer

Experiments performed at varied temperatures indicated that adsorption of iodine onto
the zinc paint is highly temperature dependent. For example at 23°C the paint had a
deposition velocity of 0.8 cm/s as compared to 0.06 cm/s at 90°C (Figure 2). This
result suggests that containment surfaces coated with this paint will accumulate iodine
less rapidly at higher temperatures.

At loadings of less than 10'6 mol la/cm2, rates of desorption appeared to increase
slightly over the temperature ranges studied here (23°C-90°C). For example for the
two desorption curves illustrated in Figure 2, the sample at 23°C had a desorption rate
of 6x1014 mol/cm2s (ks, 1x10"6 s"1) and that at 90°C had a value of 7x10'14 mol/cm2s
(kSI 3x10"6 s"1). Further experiments will be required in order to establish whether
desorption is actually a zero or first order process and whether this temperature
related difference is truly statistically significant. At higher loadings (above 10'6 mol
Ij/cm2) rates of desorption appeared to increase. It should be noted that disconnecting
the tubing from the system, so as to investigate desorption, caused a small but sharp
increase (about 15%) in the measured surface activity. It is believed that this transient
is an experimental artifact caused by a small change in the distance between the
tubing and the Nal gamma detector. The tubing was disconnected to prevent any
interference by iodine trapped on the apparatus upstream of the painted samples.
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Figure 2: The adsorption of 5x10* moi/L I2(g) onto zinc primer at 23° C and 90° C and
27% relative humidity. After 24h the IJg) source was disconnected in order to study
desorption.

The rate of adsorption increased at higher relative humidity. When relative humidity was
increased from 5 percent to 90 percent, the loading rate at 23°C immediately increased
by a factor of 4 (Figure 3). It should be noted that at 90% relative humidity the loading
rate was higher at the lower temperature, consistent with the observations at 27% relative
humidity (Figure 2) whereas at 5% relative humidity, no dependence on temperature was
observed.

Experiments conducted at various iodine gas phase concentrations indicated that at
increased iodine concentration, the rate of loading increases (Figure 4). The linear
behaviour suggests that at both gas phase concentrations desorption was not significant.
It is proposed that initial deposition can be modelled with the simple differential equation
(a variation of equation 1):

dCs/dt=kgCfl (3)
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Figure 3: The effect of relative humidity on the adsorption of 2.8x1(T9 mol/L I2(g)
onto zinc paint.

A log plot of deposition rates vs. iodine gas concentrations (Figure 5) yielded a slope of
1 confirming that for the zinc paint the deposition process is first order with respect to the
parameter Cg. This result indicates that initial deposition rates may be predicted over the
range of iodine gas phase concentrations presented in Figure 5 using a deposition
velocity (kg) of 0.5 cm/s. However, a complete modelling of retention must also consider
desorption. In theory, if desorption is significant, a steady state loading should eventually
be achieved.

Steady state here refers to the condition where the rates of adsorption and desorption are
equal and further loading does not occur. Maximum loading is where only one process,
the adsorption process, occurs and no desorption occurs. The highest attained loading
thus far has been 1.2x10'5 mol/cm2. The system however did not appear to have reached
steady state. The zinc paint appears to be able to retain more iodine than the current
apparatus can produce. Hence, it may not be possible to evaluate the maximum capacity
for l2 of this paint.

Preliminary desorbed iodine speciation experiments were conducted. Species selective
adsorbents were used to reveal that 88-99% of desorbed iodine is in the form of U.
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Liquid Phase Adsorption

Experiments to study the adsorption of liquid phase iodine onto paints were initiated to
help determine the maximum capacity possible on such surfaces. Table 1 below
summarizes the results of these experiments performed using 10'3 M l2 solutions.

Table 1: Liquid phase iodine loadings (mol/cm2)

Paint Type

Vinyl Paint

Zinc Primer

Time
1.5 hours

-

1.4x10"*

Time
27 hours

1.5x107

9.1x10'9

Time
69 hours

1.9x10'7

3.5x109

Time
119 hours

1.5x10"7

2.8x109

As can be seen, the vinyl paint did not fluctuate much (with respect to iodine loading)
over the test period which seemed to indicate that it reached its maximum loading. The
zinc primer loading steadily decreased over the test period, to levels that were
inconsistent with values observed with gas phase experiments. It is likely that the zinc
reduced the l2 to I' which allowed the iodine to be desorbed.

Vinyl Paint

Steady state loadings of iodine onto the vinyl paint appeared to be dependent on the gas
phase iodine concentration. As the concentration increased, the steady state loading
increased (Figure 6). More data is needed to confirm this trend.

The desorption rates observed for the vinyl paint were similar to those for the zinc paint.
It can be seen (Figure 7) that as temperature increased, the desorption rate increased.
It should be noted that in Figure 7, the 23°C and 58°C data were at initial loadings of
1.4x10*8 mol/cm2 and the 90°C data had an initial loading of 8.5x10"10 mol/cm2. Due to this
difference, the data were normalized. Based on initial loadings (referring to Table 2),
experiments run at 23°C all had desorption rate constant (ks) values of approximately 10'6

s'1. Though more data is required to confirm this, this data implies a first order
dependence on the parameter Cs according to the simple differential equation (a variation
of equation 1):

dCs/dt=-ksCs (4)

Desorption appears to be a function of both surface iodine concentration and
temperature and the desorption rate increases along with both of these parameters.
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Figure 6: Steady state loadings achieved on vinyl paint as a function of I2(g)
concentration.

Humidity did not seem to effect the rate of deposition of iodine onto the vinyl paint (at 10"8

mol/L I2(g)) over the temperature range of 23°C-90°C.

Table 2: Desorption data for vinyl paint

Surface l2
(mol/cm2)

9x1010

1.4x10"8

1.3x10"8

1.4x10"e

8.5x10'10

Temperature (°C)

23

23

23

58

90

Desorption Rate
(mol/cm2s)

6.9x10"16

1.7x10'14

2.0x1014

1.9x10"14

2.0x10"15

Desorption Rate
Constant k8 (s1)

7.8x107

1.2x10"6

1.2x106

1.4x10"6

2.6x10"6
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Figure 7: Effect of increased temperature on rate of desorption of l2 from vinyl
paint

Since adsorption occurs through a series of steps, the overall process may be controlled
by the slowest step in the chain of events. Based on measured deposition velocities it
appears that adsorption on zinc primer is, to some extent, limited by gas phase mass
transfer. The majority of the observed deposition velocities are close to but lower than
expected mass transfer velocities. Sample deposition velocities are presented in Table
3 below. The adsorption onto vinyl paint seems to be surface limited since all the
observed deposition velocities are much lower than expected mass transfer rates. These
results compare favourably with those of Rosenberg, et al [6] who found deposition
velocities of 2.0x10'2 and 9.8x10'3 cm/s for vinyl paints. For two zinc primer paints,
Rosenberg, et al reported deposition velocities of 7.1x10'1 and 6.8x101 cm/s respectively.
The latter of these was the identical zinc primer invesigated in this study. Lower
deposition rates at higher temperatures were also observed for some paints by
Rosenberg, et al. The lower deposition velocity reported for the fourth zinc experiment in
Table 3 (0.15 cm/s) may be explained by the fact that the temperature was higher.

When compared to work of similar nature done on stainless steel (Evans, et al [7]), major
trends in both works are similar. Evans, et al reported a first order dependence of
deposition on iodine concentration for the stainless steel. Further more deposition on
stainless steel was faster at higher humidity and lower temperatures, as was the case for
the zinc paint. Adsorption on both the stainless steel and zinc primer appeared to be



limited by gas phase mass transfer. It was speculated [7] that adsorption on stainless
steel involved retention of l2 by water droplets on the surface, with subsequent reduction
to I' and formation of I3\ This same mechanism may be occuring on the zinc paint. This
would be consistent with the observed dependence on relative humidity. In addition, less
water would be expected on the surface at higher temperatures resulting in a lower
deposition rate.

Table 3: Observed initial deposition velocities at various conditions

Paint

Zinc

Zinc

Zinc

Zinc

Vinyl

Vinyl

Vinyl

Temperature
(°C)

25

25

21

90

23

23

23

Relative
Humidity (%)

88

33

26

26

85

85

49

I2(9)
(mol/L)

9x10"

6x10"11

8x10'9

8x109

7x10s

2x108

4x10"8

Deposition
Velocity (cm/s)

1.2

1.3

1.4

0.15

0.073

0.004

0.09

CONCLUSIONS

The work completed to date has already revealed substantial differences in the adsorption
characteristics of the zinc and vinyl paints. The rate of adsorption of I2(g) by the zinc paint
was considerably faster than that by the vinyl paint which appeared to be limited by a
surface reaction as opposed to gas phase mass transfer. Adsorption by the zinc paint
was faster at higher relative humidity and lower temperature whereas for the vinyl paint,
relative humidity had no observable impact and the effect of temperature was unclear.
The initial adsorption rate for the zinc paint was a first order process. Preliminary data
indicate that this may also be the case for desorption from vinyl paint. The vinyl paint
achieved steady state loadings that depended on the gas phase l2 concentration. In
contrast, the zinc paint did not appear to equilibrate with the I2(g) and displayed an
extremely high retention capacity.



NOMENCLATURE

Cg = gas phase iodine concentration (mol/cm3)
Cs = surface iodine loading (mol/cm2)
kg = adsorption rate constant (cm/s)
ks = desorption rate constant (s1)
t = time (s)
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