
JA
EA

-R
esearch

JAEA-Research

2011-016

日本原子力研究開発機構

Experiment on the Gaseous Iodine Release

from Irradiated Cesium Iodide Solutions

(Contract Research)

June 2011

Japan Atomic Energy Agency

Kiyofumi MORIYAMA, Shinsuke TASHIRO, Noriaki CHIBA, Yu MARUYAMA

Hideo NAKAMURA and Atsushi WATANABE

Reactor Safety Research Unit
Nuclear Safety Research Center





JAEA-Research 2011-016

Experiment on the Gaseous Iodine Release
from Irradiated Cesium Iodide Solutions

(Contract Research)

Kiyofumi MORIYAMA, Shinsuke TASHIRO+, Noriaki CHIBA ,
Yu MARUYAMA, Hideo NAKAMURA and Atsushi WATANABE∗

Reactor Safety Research Unit
Nuclear Safety Research Center
Japan Atomic Energy Agency

Tokai-mura, Naka-gun, Ibaraki-ken

(Received April 21, 2011)

The volatile iodine production due to radiation chemical effects in the containment vessel of light
water reactors (LWRs) during severe accidents, known as an important uncertainty factor in the
source term evaluation, was investigated by experiments in small scale and with well controlled
conditions. Cesium iodide solutions, 10−4 M, labeled with 131I, at controlled pH by boric acid-
sodium hydroxide buffer, were gamma-irradiated and swept with a constant gas flow rate. The
gaseous iodine released from the solution was collected by species selective filters and quantified
separately for I2 and organic iodines. The influences of pH, temperature, inorganic and organic
impurities, oxygen and hydrogen concentrations in the cover gas on the iodine release behavior
were examined. The results showed the following trends: lower pHs cause higher release fractions
and the pH impact is the most significant; higher temperature or hydrogen in the cover gas cause
lower release fractions; lower oxygen concentrations cause higher release fractions; addition of
an organic compound (methylisobutylketone, MIBK) causes decrease of I2 release and increase
of organic iodine release, and the effect is more significant with lower oxygen concentrations;
influence of iron and chloride ions were not significant.

The data on the time dependent gaseous iodine release fractions, comparison of the final
iodine release fractions in terms of the parameter effects, as well as the initial, boundary and
interface conditions necessary for simulating the experiments by computer codes are provided.

Two additional series of experiments on suppression of iodine release by ammonia alkaline
under irradiation, and comparison of the influence of two organic compounds, MIBK and xy-
lene, on the organic iodine production were performed. With the ammonia alkaline conditions
(pH∼11), iodine release fraction was small in both the irradiated and not irradiated cases, and
significant difference was not detected. The organic iodine production with MIBK and xylene
were similar.
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1 Introduction

Iodine is one of the fission products (FPs) produced in the core of light water reactors (LWRs)
and is the one recognized as the most relevant to the public health consequences in case of a
severe accident with environmental release of FPs, due to its large fission yield, the half life of 8
days (for 131I) and complicated chemical behavior that may produce volatile species. Thus, large
number of research works have been done on the iodine chemistry under the conditions relevant
to the reactor cooling system (RCS) and the containment vessel (CV) of LWRs. Especially, after
the core degradation accident at TMI-2 plant, US, in 1979, comprehensive studies focused on
more realistic evaluation of the iodine source term have been performed internationally.[1, 2, 3]

In the RCS, iodine speciation is primarily determined by thermodynamics and CsI vapor or
aerosol is the dominant form of iodine. Typically, Beahm et al. (1991)[4] concluded that the
iodine at the release into the CV is mostly in CsI and less than 5% elemental iodine and HI.

In the CV where temperature is lower, iodine as CsI becomes aerosols and mostly sediments
on to the floor gravitationally or by the spray, then dissolves into water as iodide ion. It is
known that iodide ion is converted into volatile elemental iodine or organic iodine, under the
effect of radiation. Due to the low temperature in the CV, the speciation does not follow the
thermodynamics but is dominated by kinetics. Various influences on the radiation chemical
reaction of iodine were investigated, such as pH, initial iodide concentration, dose rate, temper-
ature, dissolved gases and impurities.[5, 6, 7, 8, 9] It is known that the solution pH has a strong
effect, e.g. the yield or the release rate of gaseous I2 increases by more than an order when the
pH decreases from 8 to 5.[7, 9]

Organic impurities in the solution cause production of organic iodines. A possible major
source of such organic impurities is the organic paint on the containment wall.[2, 3] Significant
amount of solvents remaining in the paint matrix leach into the pool water when submerged
under water, and undergo radiolytic decomposition. The resulting organic radicals react with
iodine and produce organic iodines, some of which are more volatile than elemental iodine and
less adsorptive on walls, thus more persistently reside in the gas phase.

We performed a series of experiments on the volatile iodine release from irradiated CsI
solution with a small scale well controlled experimental apparatus. The dependence on pH,
temperature, influences of inorganic and organic impurities and cover gas conditions were ex-
amined. Especially, we looked into the conditions relevant to BWRs where the containment is
purged of oxygen with nitrogen for the purpose of hydrogen combustion control, since most of
the recent research work in this field was more focused on PWR and CANDU plants where the
atmosphere in the containment is normal air.

This report describes the methods, conditions and results of the experiments, observations
on the parametric influences of the factors examined. Also, we provided the boundary, interface
and initial conditions of the experimental system, to facilitate the reference of the present data
for computer simulations and model verifications.

Chapter 2 describes the gaseous iodine release experiment with 131I-labeled CsI solution, in
which the iodine release fraction due to the aqueous radiation chemical processes during the
irradiation was well quantified and parametric effects were examined comprehensively. Chap-
ter 3 describes two kinds of experiments without 131I tracer. In one series, behavior of am-
monia alkaline CsI solution under irradiation was examined. In the other, influences of two
organic compounds, xylene and methylethylketone (MIBK), on the organic iodine production
were compared. In the Appendixes, a complementary experiment giving the interface mass
transfer coefficients in the present system is described, and a collection of data for each case are
provided.

– 1 –
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2 Gaseous Iodine Release Experiment

2.1 Experimental Facility

2.1.1 System

Figure 2.1 shows the experimental facility. It is a small scale once through flow system. A
glass vessel containing test solution, typically 100 mL of 131I-labeled 10−4 M (mol/L is denoted
by M) CsI solution buffered at prescribed pH and with prescribed additives, was set in a 60Co
γ-irradiator. The cover gas over the irradiated solution was swept with prescribed gas, and the
gaseous iodine species released from the solution was transferred to the samplers set in the online
counting apparatus in the downstream. The iodine release fraction was continuously measured
by the 131I activity accumulating in the samplers.

The release rate depends on the gas-liquid interface mass transfer and wall adsorption as
well as the aqueous chemical reaction. To isolate the effect of the aqueous chemical reaction
from others, we controlled the interface mass transfer by giving a constant stir and we evalu-
ated the transfer coefficient separately by a complementary experiment (see Appendix A). We
tried minimizing the adsorption of iodine in the experimental system by carefully choosing the
materials of the vessel and the tubes.

The sweep gas was provided from a cylinder through a pressure regulator, charcoal and glass
fiber filters (CP-20 and GB-100R, 47 mm aperture, Advantec), an over flow chamber and a
humidifier at room temperature. In the downstream, the gas went through the iodine samplers,
a condensate separator, silica-gel and charcoal filters, a mass flow controller, and then exhausted
through a pump.

The tube connecting the irradiation vessel and the iodine sampling system was 1/4” outer
diameter, made of electro-polished 316 stainless steel for about 300 mm from the vessel exit and
of polytetrafluoroethylene (PTFE) for the rest. The tube was thermostated at 40–45 ◦C and
vapor condensation was avoided.

When hydrogen containing gas was used, hydrogen detectors (Gasman H2, Crowcon) were
placed near gas exits, and the hydrogen concentration relative to the lower explosion limit (LEL),
4% H2 in air, was checked.

Description of primary components of the system is given in the following.

2.1.2 γ-Irradiator

Figure 2.2 shows the outlook of the γ-irradiator (GC220, MDS Nordion). The irradiation source
is a set of 60Co pins surrounding the irradiation space at the center of the main lead shield.
A vertical drawer carrying an irradiation chamber at its center moves up and down, and the
material set in the chamber is irradiated when the drawer is inserted in the irradiation space.

The source activity was 407 TBq as of Feb. 20, 2007. The absorbed dose rate in the test
solution was determined separately by ceric/cerous chemical dosimetry[10] in the same geometric
condition as in the present experiment. The dose rate varied between cases due to the decay of
60Co source and ranged 5–8 Gy/h during the period of this program. The irradiation chamber
has an access hole to the above. Gas tubes, electric cables and other necessary equipments were
provided through it.

– 2 –
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Figure 2.2: Gamma irradiator GC220.
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2.1.3 Irradiation vessel

Figure 2.3 schematically shows the vessel for irradiation of the test solution. Figure 2.4 shows the
set-up of the vessel in the irradiation chamber. A separable flask of 300 mL nominal capacity and
85 mm inner diameter was covered by a specially designed lid of electro-polished 316 stainless
steel. The liquid and gas volumes in the vessel were 100mL and 286mL, respectively. The
inner wall of the lid was covered by 0.2 mm thick PTFE sheet to avoid iodine adsorption on the
surface. The lid had two access holes of 17 mm diameter covered by septa. The lid had two 1/4”
diameter nozzles to which needle valves (SS-14DPS4, Swedge Lock) for the inlet and outlet were
attached. The solution was stirred with a glass coated 6 mm diameter and 25 mm long stir bar
driven by electromagnetic stirrer driver (Remote Micro type, VARIOMAG). The temperature
of the vessel was controlled at 25±2 ◦C during irradiation by providing thermostated water to
the copper tube coil soldered under the copper plate on which the vessel was set.1

The gas volume in the vessel was swept at a constant flow rate, 1 L/min, corresponding to
the replacement rate about 3.5 min−1. The tube between the vessel and the iodine sampler had
a volume 74 cm3 (4.35 mm inner diameter and 5m long), which was replaced in about 4.5 s.

2.1.4 Iodine Sampling and On-line Counting

Figure 2.5 shows the iodine samplers. Two kinds of filter elements were used in separate samplers
and those were set in tandem in the iodine sampling system as shown in Fig. 2.1, and in
detail in Fig. 2.6. The first sampler contained 5 pieces of Ag coated (0.3mg/cm2 by physical
vapor deposition (PVD)) glass fiber filter elements (No.50, Toyo Roshi) that selectively collects
molecular iodine. The second sampler contained 3 pieces of AgNO3 impregnated alumina particle
bed filter elements that collects both molecular iodine and organic iodine. Connected in that
way, the first sampler collects molecular iodine and the second collects organic iodine. This
species separating iodine sampling system had been developed and proved at former Japan
Atomic Energy Research Institute (JAERI).(Appendix of Ref. [11])

1This temperature control was not provided in early runs, namely 19-01–03 in Table 2.1.

– 4 –
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Figure 2.4: Set-up of the irradiation vessel in the irradiator.

A diffuser ring made of PTFE was inserted at the inlet of each sampler so that the first filter
element was effectively exposed to the gas flow. The iodine samplers were connected in the flow
system by quick couplers (Semicon Cupla SP 316 stainless type or PTFE type, Nitto Kohki)
that have built-in valve mechanism to automatically shut the flow path when disconnected.

The samplers were γ-counted by NaI(Tl) scintillators (4” hole type by SIONIX with instru-
mentation by Seiko EG&E). The γ-counting for the two samplers was continued through out
a run and the cumulative counts in the energy range corresponding to 364 keV γ-ray of 131I
were read out in every 5 minutes. The instantaneous activity in a sampler was, then, calculated
from the difference of two successive readouts. The statistical uncertainty in the activity in this
method corresponded to ∼0.05% of the total initial iodine inventory in the present experiments.

The geometric efficiency of the on-line γ-counting depended on the distribution of iodine
deposition in the sampler and needed calibration for every run. It was done by analyzing
each filter element—whose geometric efficiency was known—after a run by another off-line NaI
counter and by comparing the on-line and the off-line results. The off-line measurement was
more precise, i.e. the relative statistical uncertainties for each sector: aqueous, Ag filters and
AgNO3 filters, were < 0.5%, < 1% and ∼10%, respectively, even if their fractions to the total
initial inventory was less than 0.1%. The mass balance of iodine in each run was checked with
the off-line data.

The samplers as well as NaI scintillators were confined in a chamber shielding them by
100 mm thick lead from a high background radiation due to the γ-irradiator. We kept the tem-
perature inside the chamber at about 20 ◦C by heaters and insulators not to have condensation
of vapor in the samplers. Higher temperatures were not recommended for assurance of correct
functioning of the activity instrumentation, though preferable for prevention of condensation.

– 5 –
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Figure 2.5: Iodine samplers.

Figure 2.6: On-line counting chamber.
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Figure 2.7: Experimental procedure.

2.2 Procedure

Figure 2.7 shows the procedure of the experiment. The prepared test solution 121 mL was put
in the test vessel, and 20 mL was taken for the initial I− and pH measurement. Then, 131I
tracer was added about 37 kBq (volume 5–200μL) and 1 mL was sampled for the initial activity
measurement.

The irradiation vessel, now containing 100mL of the test solution, was set in the γ-irradiator
and the gas phase was swept with prescribed gas for 30 minutes, during which the solution
became saturated with the gas. The solution was kept stirred at 350 rpm. No significant
disturbance in the gas-liquid interface was caused by the stir. Two hours of irradiation and 30
minutes of no-irradiation period followed. The gas sweep and stir were continued through out
the process.

The vessel was removed from the irradiator and the solution was sampled for the measure-
ment of remaining activity, I− concentration and pH.

Measurement of pH and I− concentration was done by a pH electrode (8102, Thermo) and
an ion selective electrode (ISE) (9653, Thermo).

2.3 Conditions and Parameters

The experimental conditions and variation of the parameters are summarized in Table 2.1. The
air swept case with 1×10−4 MCsI solution without additives except the pH buffer at temperature
25 ◦C was taken as the “base case”. The gas flow rate and the stir revolution rate that determine
the interface mass transfer were kept constant, 1 L/min and 350 rpm, respectively.

The interface mass transfer coefficient and its dependence on the stir, gas flow rate, tem-
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perature and species was separately examined by a complementary experiments described in
Appendix A. The overall interface mass transfer coefficient in the standard condition, i.e. 25 ◦C
and 1 L/min gas flow with 350 rpm stir, was 4× 10−4 dm/s for oxygen and 1× 10−4 dm/s for
molecular iodine. The coefficients for other species depend on their molecular volumes, and are
evaluated by Eq.(A.11) in Appendix A.

In the following, the parameters we examined, their ranges in the experiment, and the
relevance to the prototypic condition are described.

Iodine concentration The inventory of iodine accumulates in a 1 GWe class reactor core is
about 80 mol after several years of operation with a fuel replacement for 1/4–1/3 of the core
every year. The maximum concentration of iodine in the water phase of a containment vessel
is deduced from that. The amount of water in the PWR sump or BWR supression chamber is
in the range 2000–4000 m3. With an assumption that iodine is dissolved in the water as I−, it
gives concentrations in the order of 10−5 M. In the present experiments, as a maximum possible
value, we took 1 × 10−4 M. The influence of the initial iodide concentration was examined by
previous works[7, 9], and we did not change it in our work.

pH It is known from previous studies[7, 9, 3] that pH has the most significant influence on
iodine volatility, low pHs enhance volatility and high pHs lower it. The factors that affects
the pH in the CV of LWRs were reviewed by Beahm et al.(1992)[12]. The range of pH differs
by plant types. If boric acid for reactivity suppression and an alkalinizer for iodine control
are put in, they control the pH. Other factors include alkaline FPs such as CsOH and CsBO3,
HNO3 by humid air radiolysis, CO2 by decomposition of organic impurities or concrete, HCl by
degradation of chlorine containing organic compounds such as cable insulations. If the pH is
not intentionally controlled, the incoming alkaline FPs raise the pH to 9–10, and other factors
decrease it. The extent of the pH drop has a large uncertainty depending on the inventory of
the materials concerned.

Though the influence of pH had already been examined comprehensively, we studied it again
considering the importance and to check the consistency of our results with existing data. We
controlled the pH in the range 5.5–9 with 0.1 M boric acid-sodium hydroxide buffers.

Temperature Ashmore et al.(2000)[7] showed experimentally the influence of temperature
on the inorganic iodine volatility. Their data showed decreased volatility when the temperature
was raised from 25 ◦C to 40–70 ◦C. The volatility decrease is mechanistically explained by
the enhancement of iodine hydrolysis at high temperatures. An opposite effect is done by
the temperature dependence of the gas-aqueous partition coefficient of iodine, that gives more
volatility at high temperatures.[13, 14, 15] Those two effects compete; either of which prevails
probably depends on pH. So, we examined the influence of temperature, 25 ◦C and 40 ◦C, at
two pHs, 5.5 and 7.

Iron ions Mechanistic models include a catalytic reactions of Fe2+ and Fe3+ ions that converts
·O−

2 , a primary reductant of iodine, to O2 and H2O2.[14, 13, 15] It is known that such reactions
well explain some data from experiments with steel vessels[16, 15], especially about the iodine
volatility at high pHs > 7, i.e. models under predict the volatility without those reactions. We
examined the effect of iron ions by putting in 1 × 10−4 M of Fe2+ (as FeSO4), for it had not
been confirmed experimentally.

HCl The amount of HCl by degradation of chlorine containing organic compounds such as
cable insulations may be quite large, corresponding to concentrations in water in CVs up to
the order of 10−3 M.[12, 17, 18] The review by Beahm et al.[12] showed the inventories in
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several plant types ranging 4300–36000 mol, giving concentrations 10−3–10−2 M with a typical
water volume 4000 m3. A part of its influence is the impact on pH, and another is a possible
interference with reactions of iodine species, because they are in the same elemental group. We
looked into the latter point and added Cl− ions (as NaCl) up to 1× 10−2 M.

Oxygen In irradiated aqueous solutions, dissolved oxygen produces a primary reductant of
iodine, ·O−

2 . Thus, the absence of oxygen enhances the oxidation from I− to volatile I2 and
increases the iodine volatility.[14, 13, 15] This effect was experimentally observed by Ashmore
et al.[7]. It is important in terms of the conditions in BWR CVs that are purged of oxygen. We
examined the effect of oxygen by changing the sweep gas between air and nitrogen or argon,
and also looked into its coupling with the influence of organic compounds, as described in the
next paragraph.

Organic compound Organic impurities in the solution cause production of organic iodines,
some of which are more volatile than elemental iodine and less adsorptive on walls, thus more
persistently air borne. Also, the decomposition of organics in irradiated aqueous solution pro-
duces acids that decrease pH. A possible major source of such organic impurities is the organic
solvents remaining in the paint on the containment wall[2, 3], typically, ketones such as acetone,
methylethylketone, methylisobutylketone, and aromatics such as toluene, xylene, ethylbenzene.
Such organic iodine production was previously investigated in middle scale and small scale
experiments[19, 20, 8], mostly in aerated environment assuming PWR or CANDU plants. We
lacked data at low oxygen concentration conditions relevant to BWR CVs.

We examined the influence of organic compounds combined with the influence of oxygen
systematically. We used MIBK as one of the organic solvents known to be used in paints applied
in CVs of LWRs, and also changed the oxygen concentration in the sweep gas: air (21%), low
oxygen concentrations relevant to BWRs (5% and 2%), and nitrogen or argon (0%).

Hydrogen During the progression of a severe accident of LWRs, the zircaloy in the fuel clad is
likely to be oxidized and it produces a large amount of hydrogen. In BWRs, the CV atmosphere
is purged of oxygen with nitrogen so that the hydrogen does not burn. The partial pressure
of hydrogen in the CV rises up to 0.1 MPa, comparable to the initially existing nitrogen and
about 50% of the total pressure[21]. Ashmore et al.[7] examined the influence of hydrogen with
air containing 4% H2 and observed decreased iodine release rate. We examined it by adding
hydrogen to the sweep gas by up to 5% concentrations. The rest of the gas was an inert gas,
either nitrogen or argon.

The runs were named according to parameter settings as indicated in Table 2.1. The cases
for comparison are summarized by the category as follows.

pH : Base, pH5.5, pH9

Temperature : Base, T40, pH5.5, T40-pH5.5

Fe2+ ion : Base, Fe

Cl− ion : Base, Cl, ClL, ClH

O2/Organic : Base, OrgL, OrgH, MO, OrgL-MO, LO, OrgL-LO, OrgL-N2, N2a,
OrgL-N2, OrgH-N2, OrgH-Ar

H2 : N2a, H2, Ar, H2LAr, H2Ar

Those names are used to call the runs hereafter.
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The reagents used in the experiment were as follows.

• Cesium iodide: 99.9%, Wako Pure Chemical Industries

• Boric acid: >99.5% ACS reagent grade, Sigma-Aldrich

• Sodium hydroxide: >96%, Wako Pure Chemical Industries

• Sodium chloride: >99%, ACS reagent grade, Sigma-Aldrich

• Ferrous sulfate: >99.5%, Kanto Chemicals

• Methylisobutylketone (MIBK): >99.5%, Wako Pure Chemical Industries

• o-Xylene: >98%, Wako Pure Chemical Industries

• 131I as tracer: Perkin Elmer NEZ035H 74 MBq (>185 GBq/mg (as iodine) in 0.1 mol/L
NaOH aq. (pH=12–14)) diluted into pure water (∼1.8 MBq/mL)

• Water: pure water supplied by Millipore Milli-Q Academic A10, >18.2 MΩm@25 ◦C,
<40 ppb TOC (Total Organic Carbon)

The reagents were used without further purification.

2.4 Results and Discussions

2.4.1 Mass Balance

Figure 2.8 shows the mass balance of iodine. For every case, the stacked columns indicate, from
the bottom, the fractions in the test solution, in the filters at the end of the run, and the loss
calculated by subtracting the former two from 100%. It is observed that the loss becomes larger
when larger fraction was released. The loss was usually a few percents, and at most ∼10% in
the cases of acidic conditions. The present experiment showed a good mass preservation.

A primary cause of the loss is probably the adsorption in the tube connector at the entrance
of the first iodine sampler where corresponding order of activity was detected by the off-line
counting.

We assumed the lost fraction was released as I2 that is much more adsorptive than organic
iodines. In the following, “total released” or “released as I2” means the sum of the fraction
collected by Ag filters and the loss.

2.4.2 Iodine Release Behavior and Parametric Effects

Table 2.2 summarizes the experimental results. Figures 2.9–2.20 show the comparison of release
histories and the final release fractions in terms of the parametric effects. Detailed descriptions
of each run and individual data plots are provided in Appendix B.

pH Figure 2.9 shows the histories of total iodine release for the cases of various pHs. The
figure (a) shows the release history along the absorbed dose, while the figure (b) shows that
along time. Generally in the present series of experiments, the release was observed during the
irradiation and the release was nearly linear in terms of time.

Figure 2.10 compares the final release fractions, including early cases in which the temper-
ature control was not implemented yet. The comparison shows that the total release fraction
increased more than 2 orders for the pH change from 9 to 5.5. It confirms that pH is the
dominant factor for iodine volatility and it is consistent with existing data[7, 9].
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Temperature Figures 2.11 and 2.12 show the histories of total iodine release and comparison
of the final release fractions, respectively, for the cases of different temperatures at pHs 7 and 5.5.
Between the temperatures 25 and 40 ◦C, the higher temperature made lower release fractions at
both pHs. In the present range of conditions, the effect of I2 hydrolysis decreasing the gaseous
I2 release prevailed over a possible opposite effect of the temperature dependence of I2 partition
coefficient. The observed decrease of iodine volatility at higher temperatures is consistent with
a previous study[7].

Inorganic impurities Figure 2.13 shows the histories of total iodine release for the cases Fe2+

or Cl− ions were added. The results showed no significant influence of those ions.
Despite that mechanistic models showed a significant influence of the catalytic reaction of

iron ions[13, 14, 15], it was experimentally not observed. Other researchers[7] also reported a
result similar to the present experiment.

Organic impurities and oxygen Fugures 2.14 and 2.15 show the histories of total iodine
release for the cases with various MIBK concentrations (aqueous) and oxygen concentrations
(sweep gas). Figures 2.16 and 2.17 show the histories of organic iodine release. Figure 2.18
shows the comparison of final release fractions as I2 (a) and organic iodine (b).

Comparison of the total or I2 release fractions in the cases without MIBK addition (Base,
MO, LO and N2a) showed a trend that lower oxygen concentrations caused higher release frac-
tions. It was consistent with predictions by mechanistic models[14, 13, 15] and a previous work[7].
When MIBK was added, the I2 release fraction decreased with increasing MIBK concentrations
in low or no oxygen concentration cases (-LO and -N2). The organic iodine release fraction
increased with increasing MIBK concentrations with all the oxygen concentrations. However,
the relation between the organic iodine release fractions and the oxygen concentration was not
straight at high MIBK concentration (Fig. 2.18 (b), MIBK 10−3 M cases). This rather compli-
cated dependence is explained by competition on the oxygen consumption between iodine and
organic reactions. Detailed discussions are given elsewhere[11, 15].

Hydrogen Figures 2.19 and 2.20 show the histories of total iodine release and comparison
of the final release fractions, respectively, for the cases with hydrogen containing sweep gases.
For both the nitrogen based and argon based hydrogen-containing gases, decrease of the total
iodine release fractions were observed with increasing hydrogen fractions. Both showed about
40% decrease at 5% hydrogen.
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Figure 2.9: Evolution of total gaseous iodine release: pH dependence.
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Figure 2.11: Evolution of total gaseous iodine release: temperature dependence at pH=7 and
5.5.
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Figure 2.13: Evolution of total gaseous iodine release: influence of inorganic impurities (chloride
and iron ions).
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Figure 2.14: Evolution of total gaseous iodine release: influence of organic impurity (MIBK)
and oxygen concentration. (air and low oxygen conditions)
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Figure 2.15: Evolution of total gaseous iodine release: influence of organic impurity (MIBK)
and oxygen concentration. (no oxygen conditions)
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Figure 2.16: Evolution of gaseous organic iodine release: influence of organic impurity (MIBK)
and oxygen concentration. (air and low oxygen conditions)
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Figure 2.17: Evolution of gaseous organic iodine release: influence of organic impurity (MIBK)
and oxygen concentration. (no oxygen conditions)
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Figure 2.18: Comparison of the final release fractions: influence of organic impurity (MIBK)
and oxygen concentration.
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Figure 2.19: Evolution of total gaseous iodine release: influence of hydrogen.
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3 Cold Experiments

3.1 Suppression of Iodine Release by Ammonia Alkaline

3.1.1 Purpose

As an accident management (AM) measure for the hydrogen accumulation issue in BWRs,
Hamazaki et al.[22] proposed reduction or annihilation of hydrogen in the CVs by combining
it with nitrogen through catalytic reactions producing ammonia. Ammonia is highly soluble in
water, thus most of the hydrogen in the gas phase can be absorbed in water when converted to
ammonia. Aqueous solution of ammonia is alkaline, and it is also expected that this method
brings suppression of iodine volatility. However, considering that chemical reactions of ammonia
or ammonium ions in the water pool may cause various influences, further study on the proposed
AM measure including experimental work is necessary.

We performed experiments on the stability of ammonia alkaline solution containing iodine
under irradiation.

3.1.2 Methods and Conditions

The possible maximum ammonia concentration in the suppression pool in BWRs by the proposed
AM measure is obtained from the amount of hydrogen in the CV. The reaction of ammonia
production,

N2 + 3H2 −→ 2NH3 , (3.1)

and the typical partial pressures of hydrogen and nitrogen, ∼0.1 MPa for both, lead to that it is
likely to be excess nitrogen condition and ammonia production is 2/3 of the hydrogen inventory,
∼0.067 MPa. Based on the gas and water volumes in BWR CVs, the ammonia concentration in
the suppression pool is about 0.1 M at maximum. We took this concentration for the standard
case in our experiment. Other conditions were similar to that of the gaseous iodine release
experiments described in the previous chapter.

Figure 3.1 illustrates the experimental system. Table 3.1 summarizes the conditions and
results of the experiment. Note that this series was performed without radio active iodine, and
all the measurement was by chemical means.

The test solution was 1×10−4 MCsI in ammonia alkaline conditions. Ammonia concentration
was 0.1 M or 0.01 M. The sweep gas was nitrogen except one case swept with 5% oxygen-nitrogen
mixture.

The test solution, 100 mL, was prepared in a 300 mL (nominal) separable flask. It was closed,
loaded in the irradiator and connected to the sweep line. Then, sweep (flow rate 1 L/min), stir
(6 mm(dia.) by 25 mm long glass stir bar, 350 rpm) and irradiation were given. The irradiation
was given for 2 h at 5.1 Gy/h. The case 22-C02 was a reference case without irradiation.

In the cases 22-C02–C04, the pure water used as solvent was purged of oxygen with nitrogen
for 30 min in advance, before adding ammonia and iodide to the prescribed concentration. The
sweep was given for the period of irradiation.

In the case 22-C05, the test solution prepared with fresh pure water was loaded, and the
sweep started 30 min before the start of irradiation so that the solution became saturated with
the 5% oxygen gas at the start of irradiation. Also, the sweep continued extra 30 min after the
end of irradiation. So, the sweep period was 1 h longer than other cases.

The iodine release from the solution was measured by bubbling the outlet gas in an alkaline
(0.1 M NaOH) trap and monitoring iodide concentration with an ion selective electrode (ISE)
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Figure 3.1: Schematic illustration of the experimental system.

(9653, Thermo) there. It is the same method as in the measurement of I2 transfer in Appendix A,
and the detail is described there. The release of ammonia from the solution was also monitored
by inserting an ammonia electrode (9512, Thermo) to the trap. The ammonia electrode needs
alkaline condition (pH>12) to detect the total of ammonia and ammonium and it was satisfied
by 0.1 M NaOH in the trap.

A problem arose here was that the iodide electrode had a sensitivity on ammonia which
was significant when the iodide concentration was low. As a workaround for this, we calibrated
the iodide electrode for the influence of the existence of ammonia as in Fig. 3.2. The figure
(a) shows the output voltage of the electrode with changing ammonia concentration at iodide
concentrations 0 and 5× 10−7 M. The result was fitted with a modified Nernst formula,

E = E0 +A
2.30RT

nF
log10([I

−] + f [NH3] + g) (3.2)

where the variables denote

E, E0 : output and standard voltages,

R : general ideal gas constant (= 8.31 J/molK)

T : temperature (K)

n : charge of the ion concerned (= −1 for I−),

F : Faraday’s constant (≡ NA e = 9.65× 104 C/mol),

[I−], [NH3]: concentrations of I
− and NH3,

A : calibration constant without influence of ammonia,

f , g : constants for the compensation for ammonia influence.

As shown in Fig. 3.2 (b), the ammonia influence was compensated well.
The pH, iodide and ammonia concentrations in the test solution at the initial and final states

were also measured. The pH was measured by inserting an pH electrode (8102, Thermo) directly
into the test solution before and after a run. Iodide and ammonia concentrations were measured
by taking 2 mL samples before and after a run. The samples were diluted by ten times in 0.1 M
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Figure 3.2: Influence of ammonia on iodide ion electrode (9653, Thermo) and compensation.
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NaOH solution, and measured by the electrodes. It was to make the condition of the samples
consistent with that for calibration.

3.1.3 Results

The result for each case is given in Appendix B in detail. The summary of the result in Table 3.1
gives following observations.

• The pH by ammonia alkaline in the standard cases was initially 11, and dropped by 0.3–
0.5 during the run by the transfer of ammonia. The initial pH was lower when ammonia
concentration was lower (22-C04, 0.01 M). The pH drop was larger when sweep period was
longer (22-C05, 1 h longer).

• The fractions of ammonia transferred was about 50%.

• The fractions of iodine released was in the order of 0.1% according to the trap iodide
monitoring. It corresponded to concentrations ∼ 10−7 mol, in the order of the detection
limit. The iodine concentration measurement for the test solution did not give significant
change.

• No significant difference was observed between the irradiated and not irradiated cases
(22-C02 and 22-C03).

Thus, it was concluded from this series of experiments that ammonia alkaline solution well
kept iodide from releasing by radiolytic reactions and the irradiation did not affected the effect
significantly.

More detailed examination, especially in a prototypic conditions, should be necessary if the
ammonia production method for hydrogen/iodine control in BWRs is practically considered.
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Figure 3.3: Schematic illustration of the xylene-MIBK comparison experiment.

3.2 Comparison of the Influence of Organic Compounds: MIBK
and Xylene

3.2.1 Purpose

In the gaseous iodine release experiments with organic additives (the previous chapter), we used
MIBK as one of organic compounds likely to leach from the paints into the water pool in CVs,
partly because it had relatively high gas-liquid partition coefficient (low volatility) and was
convenient for a good control on the organic concentration in the experiment.

On the other hand, some products of epoxy paints used in CVs are known to contain other
types of organic solvents, mainly xylene[23, 24]. Therefore, we performed experiments to see
if there was a significant difference between MIBK and xylene in terms of the influence on the
gaseous iodine production by radiolysis.

3.2.2 Methods and Conditions

A difficulty in using xylene in the gaseous iodine release experiment is its low gas-aqueous
partition coefficient (H = Cl/Cg at equilibrium), ∼6 (o-xylene), compared with ∼400 of MIBK
at 25 ◦C. Also, xylene has a very low aqueous solubility, 1.6× 10−3 M at 25 ◦C, compared with
0.18 M for MIBK. In the experiments with MIBK, a high concentration solution, 0.1 M, was
injected to the test vessel before the irradiation so that required concentration, (10−4–10−3 M)
was obtained in the test solution. The loss of MIBK by the transfer due to the sweep was not
critical. However, we can not prepare a concentrated xylene solution nor keep xylene in the
solution at sufficient concentration during irradiation with sweeping.

We adopted a method using a piece of porous PTFE material which absorbs xylene and
releases it slowly when submerged in water. Figure 3.3 shows the method of the experiment.
The experiment was done without sweeping the cover gas; the test vessel was closed. Gaseous
samples were taken at intervals and analyzed for concentrations of xylene and CH3I as a typical
organic iodine. Among three isomers of xylene, we used o-xylene that has a larger gas-aqueous
partition coefficient, ∼6 at 25 ◦C, compared to ∼4 for m- and p-xylene[25].

We did a similar experiment with MIBK as a reference case, with the same closed condition.
We tried the method using the porous PTFE chip for MIBK, too. And, we found that the
absorption and release of MIBK to/from the PTFE chip was too quick, almost fully absorbed
or released within 1 h. So, we simply added MIBK once at the start of irradiation to give a
desired concentration.
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Table 3.2: Experimental conditions and summary of the results: comparison of xylene and
MIBK

���� ��� ��	�
��������


��

�
����� ��
���

������ ���� ���" �� ���"

������ ���� ��� "� ����

����������
�������������#��������@��������
������
������������
�����������������
$

��
������
�����
�
	�
�������
��
�
�������
��#5$

��������
��

�
��

�������
�#5$

��	��

���A��
���#�������������
���������
�������������������
������� !����������������
�
������������
����"����������
���������
������$

��	��
��#$��#�������������
���������
������$

�����

��
����


%������
&����������������"�����&�#�������������
���������
&������A<��B���
'�����&�����(#
���
��$�������"����������(�)�������(<�����"��(��#�����$

��C���	��&�������!����������&���D����%���&������E������	�������������������

���%
�
��A���
��
����


�����
&��	���
��� ���#���	���A���������������

�������������������������������������
	$

��������	��&���������(<��
�����%������C�����&�����(����%����������&��
!�������������
����&����F������
�����F�<��
����������������F�
%���#����������
���
�����
	$&��<G�������������
��������	��������������
��������������	������
��������������#����&�����������������������*���#$&����"���"�����������������*���
�A��
�&���������������������$
����"�����
&
����&�%��
���#% �(����������$��������������
���
��
���
���C�����������������
���
��
����������������D�*�����	����������������@������*������
�@
���������
����������
����"��
#���@�������������$�@�����������
���A��
�&�������������
������������	�
��#+�����,�"5$���
��
���
���C��������������
�������"��������������*�����	����������������@������*������
�@
�C��������������#"A�
��E��
���
���������$�@������������
��#$&�!����
��������
��
������
��������������������
�#�����$��
��
�@
���������
����������
��
#-�@����������������$�@������������

– 33 –



JAEA-Research 2011-016

Table 3.2 summarizes the experimental conditions and results for the two cases with xylene
and MIBK.

The analysis of gaseous samples for the solvents, o-xylene or MIBK, and for CH3I was
done with gas chromatograph mass spectrometry (GCMS) (JMS-Q1000GC/K9, JEOL). The
conditions of GCMS analysis are also included in the table. Gas phase samples of 100 μL
were taken several times during a run by syringe through the septum in the lid of the vessel,
and analyzed immediately. A simultaneous analysis of CH3I and the solvents were not straight
forward due to the large difference of their concentration ranges. It was enabled by a grouped
selected ion monitoring (SIM) method in which the mass-charge ratio (m/z) for the SIM was
set differently for specific zones of the retention time for different target molecules, namely, SIM
for CH3I was set for retention time 40s–2m10s, MIBK for 2m11s–5m, o-xylene after 5m. The
calibration of GCMS for quantitative analysis was based on known gas phase concentrations.
For CH3I and o-xylene, the gas phase in vials containing standard solutions of CH3I and pure
o-xylene liquid, respectively, at given temperatures were used as standards. For the MIBK, the
known initial gaseous concentration of MIBK at the start of the run from the given aqueous
concentration and the gas-aqueous partition coefficient was referred. The gas-aqueous partition
coefficients of these materials and the vapor pressure of o-xylene was obtained by the following
equations. They were used also in processing the data.

• Gas-liquid partition coefficients

– CH3I[26] : H = 4.82 exp

{
3420

(
1

T
− 1

298

)}
(T : temperature (K))

– MIBK[27] : H = RT exp

(
−ΔH0 − TΔS0

RT

)

(R : general idea gas constant = 8.31 (J/molK), T : temperature (K), ΔH0 = −59
(kJ/mol), ΔS0 = -214 (J/molK))

– o-xylene[25] : ln
1

H
=

a

T
+ c

(T : temperature (K), a = −4232, c = 12.4)

• Vapor pressure

– o-xylene[28] (Cox-Antoine formula) : log10 P = A+B/(t+ C)
(P : vapor pressure (mmHg), t : temperature (◦C), A = 9.28489, B = −3492.89,
C = 401.824)

We did not use a radioactive tracer in these experiments, and the gaseous partition of iodine
was examined solely for CH3I, a typical volatile organic iodine. The solution pH and iodide
concentartion were measured by electrodes (8102 and 9653, Thermo) before and after a run.

The porous PTFE material (PTFE filter sheet 6 mm thick, Flon Industry) was cut into
a 1×1 cm, 6 mm thick chip. The porosity of the material, evaluated by the comparison of its
superficial density and the solid density of PTFE[29], was about 30%. Its absorption and release
of o-xylene was tested in advance by a “pre-test”. The chip absorbed o-xylene to the amount
filling out the pore in about 600 h when submerged in o-xylene. The release of o-xylene when
the chip was dipped in water was measured under a similar condition to the experiment, i.e.
100 mL water in the test vessel at 25 ◦C, 350 rpm stir. The result showed that the o-xylene
concentration in the solution was about 5×10−4 M at 1 h after the chip was put in the solution.

The following shows the procedure and schedule of the experiments. The time 0 is the start
of irradiation.
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Figure 3.4: Evolution of the o-xylene concentration: OrgCX (irradiation 0–120 min).

−60 min PTFE chip containing o-xylene was put in the solution, and a gas sample
was taken (OrgCX)

0 min MIBK was added to the solution to the conc. 1× 10−3 M (OrgCM)

Irradiation started

30 min Irradiation interrupted; A gas sample was taken

60 min Irradiation interrupted; A gas sample was taken

120 min Irradiation ended; A gas sample was taken

150 min A gas sample was taken

3.2.3 Results

Figure 3.4 shows the evolution of o-xylene concentration during the experiment OrgCX. The gas
phase concentration is the measured value, and the aqueous phase concentration is the calculated
value by assuming gas-aqueous equilibrium. The xylene concentration rose during the period
before the start of irradiation, decreased during the irradiation due to radiolytic decomposition,
and rose again after the end of irradiation.

An estimation of the released o-xylene amount was given by referring the o-xylene release
behavior in the pre-test. Figure 3.5 compares the o-xylene release behavior in the pre-test and in
the OrgCX case. Note that the data are the total released o-xylene mass (mol). The evolution
in the first 60 min was similar with a slightly higher value in the OrgCX case. The curves are
the one fitted to the pre-test data, and the other modified for fitting the initial 60 min of OrgCX
data with the same time constant. Thus, the curve, 4.7 × 10−4{1 − exp(−2.6 × 10−3t)} (t:
time (min)) gives the o-xylene release history applicable for OrgCX, presumably in a computer
simulation of the experiment.

Figre 3.6 shows the fraction of iodine partitioned in the gas phase as CH3I in OrgCX. The
error bars indicate the uncertainty evaluated based on scattering of the calibration data, ∼ 60%.
The result showed a detectable production of CH3I during the irradiation, in the range of 0.1% of
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Figure 3.5: Comparison of the xylene mass (mol) evolution in the pre-test (no-irradiation) and
the case OrgCX (irradiation 60–180 min: time from the immersion of the PTFE chip).

the initial iodide inventory. The aqueous phase values were deduced from the gas phase analysis
results and the partition coefficient.

Figures 3.7 and 3.8 show the evolution of MIBK concentration and CH3I in the case OrgCM.
Most of MIBK was decomposed and detectable amount of CH3I was produced. The fraction of
iodine partitioned in the gas phase as CH3I was comparable to that in the OrgCX case.

Comparing two cases, OrgCX and OrgCM, we do not see significant difference in the influence
of o-xylene and MIBK in terms of organic iodine production.
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Figure 3.6: Evolution of the CH3I concentration: OrgCX (irradiation 0–120 min).
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Figure 3.7: Evolution of the MIBK concentration: OrgCM (irradiation 0–120 min).
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Figure 3.8: Evolution of the CH3I concentration: OrgCM (irradiation 0–120 min).
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4 Summary

The results of the present work are summarized as follows.

Gaseous iodine release experiment The volatile iodine release from γ-irradiated CsI solu-
tions (concentration 10−4 M,131I-labeled) was experimentally examined with a small scale and
well controlled experimental apparatus, in which the test solution was kept at a constant tem-
perature and stirred, the cover gas over the test solution was continuously swept, the released
gaseous iodine was collected in the downstream and quantified. By collecting gaseous inorganic
iodine (I2) and organic iodines separately with species selective filters, their time dependent
release behaviors were measured simultaneously.

Gaseous iodine release was observed during the irradiation. Parametric effects on the iodine
release were examined for pH, temperature, inorganic impurities including iron and chlorine
ions, a combined influence of organic impurity (MIBK) and oxygen concentration, and hydrogen
concentration. The results showed the following:

• pH change 5.5–9 caused more than two orders of change in the iodine release, higher
fractions with lower pH,

• temperature increase from 25 ◦C to 40 ◦C caused slight decrease of the iodine release, at
both pH= 7 and 5.5,

• addition of ferrous ions to a concentration comparable to that of iodide did not show
significant influence,

• addition of chlorine ions to concentrations 100 times of that of iodide did not show signif-
icant influence,

• decrease of oxygen concentration in the cover gas caused increase of the iodine release,

• addition of organic impurities (MIBK) caused decrease of iodine release as I2 when the
oxygen concentration was low (<2%), and increase of organic iodine release,

• 5% of hydrogen in the cover gas caused decrease of the iodine release to about half of that
without hydrogen.

Cold experiments The following experiments were performed without a tracer, and the
analysis of iodine and other species were solely by chemical measures.

The stability of ammonia alkaline solution, pH∼11, containing iodine as CsI under γ-
irradiation was examined. The result showed very small fraction of iodine release, in the range
of 0.1%. No significant influence of irradiation was detected.

A comparison of the influences of organic compounds, MIBK and o-xylene, on the organic
iodine production was performed in a closed system. During γ-irradiation, partition of iodine
in the gaseous phase as CH3I was detected in both cases, in comparable fractions in the range
0.1% of the initial iodide inventory.

The gas-aqueous interface mass transfer coefficient in the present experimental apparatus was
measured by complementary experiments as given in Appendix A. The initial and boundary
conditions for each series of experiments are described in corresponding sections. Thus, the
information required for computer simulation of the experiments are sufficiently provided, and,
the present data are ready for references for such purposes.
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Appendix A Evaluation of the Interface
Mass Transfer Coefficient

A.1 Purpose

When we want to obtain information about the liquid phase chemical processes from the gaseous
iodine release experiment with a swept system as described in Chapter 2, we need to know the
gas-liquid interface mass transfer coefficient to separate the effect of the chemical processes in
the liquid and that of the inter face mass transfer. We performed the complementary experiment
described in this section to suffice that need.

A.2 Method

The following equations express the definitions and relationships of variables concerned in the
interface mass transfer based on the double boundary theory,

N = kg(Cg − Cgi) = −kl(Cl − Cli) = Kmt(HCg − Cl), (A.1)

1/Kmt = H/kg + 1/kl. (A.2)

where, the variables denote

N : interface mass flux (mol/dm2s),

Cg, Cl : bulk concentrations in the gas and the liquid phases (mol/dm3),

Cgi, Cli: concentrations at the boundary in the gas side and the liquid side (mol/dm3),

kg, kl : mass transfer coefficients at the gas side and the liquid side (dm/s),

Kmt : overall mass transfer coefficient (dm/s),

H : gas-liquid partition coefficient (≡ Cl/Cg at the equilibrium).

The inverse mass transfer coefficients, H/kg, 1/kl and 1/Kmt, mean interface resistances in the
gas side, in the liquid side and the overall, respectively. When the cover gas is swept like the
present case, the gas phase is well mixed, and the mass transfer resistance (1/Kmt) is dominated
by that in the liquid side, e.g. 1/Kmt ∼ 1/kl. The liquid side mass transfer coefficient depends
on the diffusion of the solute in the liquid as follows[30, 31],

kl ∼ D/δ or kl ∼ Dn (n = 0.5 ∼ 1), (A.3)

where D and δ denote the diffusion coefficient of the solute and the boundary layer thickness
in the liquid side. The dependence of the mass transfer coefficient on the diffusivity, Eq.(A.3),
is of the power n = 0.5 ∼ 1. The diffusivity can be evaluated by the Wilke-Chang empirical
equation[32, 33] for diffusivity of a dilute solute A in a solvent B,

D = 7.4× 10−8 (ψBMB)
0.5θ

μV 0.6
A

(cm2/s), (A.4)

where the variables denote
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ψB : association parameter (= 2.6 for water),

MB: molecular weight of the solute,

θ : temperature (K),

μ : viscosity of the solvent (approximately of water) (cp),

VA : molecular volume of the solute as liquid at the normal boiling point (cm3/mol).

This equation, reportedly giving the diffusivity of non-dissociating solutes within 10%[33], shows
a dependence on temperature by ∼ θ/μ (assuming the solvent viscosity is a function of temper-
ature) and on the solute material by ∼ V −0.6

A . Thus, the dependence of the overall mass transfer
coefficient on these factors would be

Kmt ∼ θ

μV 0.6
A

(A.5)

by taking n ∼ 1 in Eq.(A.3).
Assume a closed volume with gas and liquid phases, with an inlet and an exit in the gas

phase through which the gas phase is swept by a constant flow. The evolution of the gas phase
and liquid phase concentrations due to the interface mass transfer is expressed by the following,

dCg

dt
=

AiKmt

Vg
(Cl −HCg) +

qg
Vg

(Cgin − Cg), (A.6)

dCl

dt
= −AiKmt

Vl
(Cl −HCg), (A.7)

where Ai, Vg and Vl are the interface area, gas volume and the liquid volume, respectively; qg and
Cgin are the sweep gas flow rate (dm3/s) and the concentration of the solute in the sweep gas at
the inlet, respectively. When the concentration of the solute in the sweep gas is kept constant,
Cg � Cgin =const., an approximated solution of the liquid phase concentration becomes

X = exp(−KmtT ). (A.8)

The variables X and T are normalized concentration and time, respectively, defined by

X = (Cl −HCg)/(C
i
l −HCg), (A.9)

T = t(Ai/Vl), (A.10)

where Ci
l is the initial liquid phase concentration. Thus, we can obtain Kmt by fitting the

evolution of the liquid phase concentration to Eq.(A.8).
Figures A.1 and A.2 are the experimental set-up for the measurement of the evolution of

liquid phase concentrations of oxygen and iodine, respectively. We measured the mass transfer
coefficient of oxygen for many runs changing various parameters, and that of iodine for a standard
condition.

In those experiments, test solution 100 mL was prepared in a 300 mL (nominal) separable
flask and the flask was covered by the lid designed for the gaseous iodine experiment. The cover
gas was swept by air or nitrogen and the solution was stirred by a glass coated 6 mm (dia.)×
25 mm stir bar during a run. We took as the standard condition the temperature 25◦C, the stir
revolution rate 350rpm and the gas flow rate 1L/min.

For the oxygen measurement, water was used as the test solution and a polarographic dis-
solved oxygen (DO) electrode (850A, Thermo) was inserted directly into the test water. For
the iodine measurement, saturated solution of I2 (about 10−3 M) was used as the test solution.
The outlet gas from the vessel was bubbled into a trap containing NaOH 0.2 M solution. The
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Figure A.1: Measurement of the interface mass transfer coefficient with oxygen.

gaseous I2 transferred into the trap undergoes the following chemical equilibria.

I2 +OH− ←→ I2OH−

I2OH− ←→ HOI + I−

HOI ←→ IO− +H+

I2 + I− ←→ I−3

At the pH of the trap solution (∼13), practically, I2 produces the same amount of I−. Then,
monitoring I− concentration in the trap is equivalent to monitoring I2 coming out of the test
solution. An ion selective electrode (ISE) for iodide (9653, Thermo) was inserted into the trap
to monitor the I− concentration there.

The oxygen mass transfer was measured by the following procedures. At the start of every
run, the vessel was swept by air until the test water became saturated with air. Next, the
vessel was purged of oxygen with nitrogen, during which the oxygen concentration decrease was
monitored. (transfer of oxygen from the water to the cover gas) Then, the vessel was swept with
air again, and the increase of oxygen concentration was monitored. (transfer of oxygen from the
cover gas to the water)

The iodine mass transfer was measured by sweeping the vessel containing the I2 solution
with air. The concentration of I− in the trap was monitored during the run.

A.3 Results

Figure A.3 shows the measurement result of I− concentration in the trap. The normalized I2
concentration (Eq.(A.9)) in the test solution deduced from it is plotted against the normalized
time (Eq.(A.10)) in Fig. A.4. The experimental result was well fitted by Eq.(A.9), and the
overall mass transfer coefficient, Kmt = 1.2 × 10−4 dm/s, was obtained. Measurements on
various samples were done for checking the mass balance of iodine as summarized in Table A.1.
The trap efficiency obtained from the mass balance was considered in the data in Fig. A.4.

Table A.2 summarizes the results of the experiments. In the oxygen experiments, influences
of various water conditions and procedures were examined because we suspected that small
amount of impurities or other factors may affect the interface transfer. The result showed that
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Figure A.2: Measurement of the interface mass transfer coefficient with iodine.
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Figure A.3: Evolution of the iodide ion concentration in the trap.
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Table A.1: Mass balance in the iodine mass transfer measurement.
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the overall transfer coefficient, Kmt, mostly scattered in the range 2 × 10−4—6 × 10−4 dm/s.
The following trends were observed.

• Stirring by a magnet stirrer and its preriod did not affect.

• Fresh pure water (by Milli-Q, >18MΩm, TOC <30ppb) showed high transfer coefficients.

• CsI and methylethylketone (MEK) did not affect.

• Storing in a glass bottle did not affect.

• Exposure to the room air or storing in a plastic bottle may decrease the transfer coefficient.

Runs with pure water stored for a while in a glass bottle at the standard condition showed
transfer coefficients around 4× 10−4 dm/s with a good reproducibility. Then, influences of the
temperature, stir revolution rate and gas flow rate were examined. Also, the difference between
oxygen and iodine was examined in terms of the dependence indicated by Eq.(A.5). Among
those factors, the influence of the gas flow rate was insignificant. The influence of other factors
are shown in Figs. A.5–A.7. The trend was as follows. The stir revolution had nearly linear
impact on the transfer coefficient. The dependence on the temperature, including the indirect
effect through viscosity, was weaker than expected by Eq.(A.5) though they agreed qualitatively.
The dependence on the molecular volume of the solute was stronger than expected by Eq.(A.5)
though they agreed qualitatively. Considering those results, we added a linear dependence on
the stir revolution ∼ R, and developed the following empirical expression for the overall interface
mass transfer coefficient in the present experimental system.

Kmt = K0
mt

R

R0

(θ/μ)

(θ0/μ0)

(
V 0
A

VA

)0.6

(A.11)

where the superscript 0 means the standard condition: oxygen, 25 ◦C and 350 rpm stir. The
standard mass transfer coefficient is Kmt = 4×10−4 dm/s. The water viscosity μ (Pa·s) is given
by

μ = 1/(−2.759× 10−4 θ 3 + 0.3562θ 2 − 113.3 θ + 10550) (A.12)

where θ is temperature (K). This expression is based on the data in Ref. [34], and valid for
temperatures 274–450K.

Figure A.8 shows the comparison between the experimental data and the empirical equation
Eq.(A.11). Table A.3 shows the molecular volumes of several materials for reference.
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Table A.2: Measurement results of the interface mass transfer coefficient.
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Figure A.5: Dependence of Kmt on the revolution of the stirrer.
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Table A.3: Molecular volumes of various materials.[35, 36]
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Appendix B Data Sheets

B.1 Gaseous Iodine Release Experiments
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B.2 Cold Experiments

B.2.1 Suppression of Iodine Release by Ammonia Alkaline
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B.2.2 Comparison of the influence of Organic Compounds: MIBK and Xy-
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国際単位系（SI）

乗数　 接頭語 記号 乗数　 接頭語 記号

1024 ヨ タ Ｙ 10-1 デ シ d
1021 ゼ タ Ｚ 10-2 セ ン チ c
1018 エ ク サ Ｅ 10-3 ミ リ m
1015 ペ タ Ｐ 10-6 マイクロ µ
1012 テ ラ Ｔ 10-9 ナ ノ n
109 ギ ガ Ｇ 10-12 ピ コ p
106 メ ガ Ｍ 10-15 フェムト f
103 キ ロ ｋ 10-18 ア ト a
102 ヘ ク ト ｈ 10-21 ゼ プ ト z
101 デ カ da 10-24 ヨ ク ト y

表５．SI 接頭語

名称 記号 SI 単位による値

分 min 1 min=60s
時 h 1h =60 min=3600 s
日 d 1 d=24 h=86 400 s
度 ° 1°=(π/180) rad
分 ’ 1’=(1/60)°=(π/10800) rad
秒 ” 1”=(1/60)’=(π/648000) rad

ヘクタール ha 1ha=1hm2=104m2

リットル L，l 1L=11=1dm3=103cm3=10-3m3

トン t 1t=103 kg

表６．SIに属さないが、SIと併用される単位

名称 記号 SI 単位で表される数値

電 子 ボ ル ト eV 1eV=1.602 176 53(14)×10-19J
ダ ル ト ン Da 1Da=1.660 538 86(28)×10-27kg
統一原子質量単位 u 1u=1 Da
天 文 単 位 ua 1ua=1.495 978 706 91(6)×1011m

表７．SIに属さないが、SIと併用される単位で、SI単位で
表される数値が実験的に得られるもの

名称 記号 SI 単位で表される数値

キ ュ リ ー Ci 1 Ci=3.7×1010Bq
レ ン ト ゲ ン R 1 R = 2.58×10-4C/kg
ラ ド rad 1 rad=1cGy=10-2Gy
レ ム rem 1 rem=1 cSv=10-2Sv
ガ ン マ γ 1γ=1 nT=10-9T
フ ェ ル ミ 1フェルミ=1 fm=10-15m
メートル系カラット 1メートル系カラット = 200 mg = 2×10-4kg
ト ル Torr 1 Torr = (101 325/760) Pa
標 準 大 気 圧 atm 1 atm = 101 325 Pa

1cal=4.1858J（｢15℃｣カロリー），4.1868J
（｢IT｣カロリー）4.184J（｢熱化学｣カロリー）

ミ ク ロ ン µ  1 µ =1µm=10-6m

表10．SIに属さないその他の単位の例

カ ロ リ ー cal

(a)SI接頭語は固有の名称と記号を持つ組立単位と組み合わせても使用できる。しかし接頭語を付した単位はもはや
　コヒーレントではない。
(b)ラジアンとステラジアンは数字の１に対する単位の特別な名称で、量についての情報をつたえるために使われる。

　実際には、使用する時には記号rad及びsrが用いられるが、習慣として組立単位としての記号である数字の１は明
　示されない。
(c)測光学ではステラジアンという名称と記号srを単位の表し方の中に、そのまま維持している。

(d)ヘルツは周期現象についてのみ、ベクレルは放射性核種の統計的過程についてのみ使用される。

(e)セルシウス度はケルビンの特別な名称で、セルシウス温度を表すために使用される。セルシウス度とケルビンの

　 単位の大きさは同一である。したがって、温度差や温度間隔を表す数値はどちらの単位で表しても同じである。

(f)放射性核種の放射能（activity referred to a radionuclide）は、しばしば誤った用語で”radioactivity”と記される。

(g)単位シーベルト（PV,2002,70,205）についてはCIPM勧告2（CI-2002）を参照。

（a）量濃度（amount concentration）は臨床化学の分野では物質濃度

　　（substance concentration）ともよばれる。
（b）これらは無次元量あるいは次元１をもつ量であるが、そのこと
 　　を表す単位記号である数字の１は通常は表記しない。

名称 記号
SI 基本単位による

表し方

秒ルカスパ度粘 Pa s m-1 kg s-1

力 の モ ー メ ン ト ニュートンメートル N m m2 kg s-2

表 面 張 力 ニュートン毎メートル N/m kg s-2

角 速 度 ラジアン毎秒 rad/s m m-1 s-1=s-1

角 加 速 度 ラジアン毎秒毎秒 rad/s2 m m-1 s-2=s-2

熱 流 密 度 , 放 射 照 度 ワット毎平方メートル W/m2 kg s-3

熱 容 量 , エ ン ト ロ ピ ー ジュール毎ケルビン J/K m2 kg s-2 K-1

比熱容量，比エントロピー ジュール毎キログラム毎ケルビン J/(kg K) m2 s-2 K-1

比 エ ネ ル ギ ー ジュール毎キログラム J/kg m2 s-2

熱 伝 導 率 ワット毎メートル毎ケルビン W/(m K) m kg s-3 K-1

体 積 エ ネ ル ギ ー ジュール毎立方メートル J/m3 m-1 kg s-2

電 界 の 強 さ ボルト毎メートル V/m m kg s-3 A-1

電 荷 密 度 クーロン毎立方メートル C/m3 m-3 sA
表 面 電 荷 クーロン毎平方メートル C/m2 m-2 sA
電 束 密 度 ， 電 気 変 位 クーロン毎平方メートル C/m2 m-2 sA
誘 電 率 ファラド毎メートル F/m m-3 kg-1 s4 A2

透 磁 率 ヘンリー毎メートル H/m m kg s-2 A-2

モ ル エ ネ ル ギ ー ジュール毎モル J/mol m2 kg s-2 mol-1

モルエントロピー, モル熱容量ジュール毎モル毎ケルビン J/(mol K) m2 kg s-2 K-1 mol-1

照射線量（Ｘ線及びγ線） クーロン毎キログラム C/kg kg-1 sA
吸 収 線 量 率 グレイ毎秒 Gy/s m2 s-3

放 射 強 度 ワット毎ステラジアン W/sr m4 m-2 kg s-3=m2 kg s-3

放 射 輝 度 ワット毎平方メートル毎ステラジアン W/(m2 sr) m2 m-2 kg s-3=kg s-3

酵 素 活 性 濃 度 カタール毎立方メートル kat/m3 m-3 s-1 mol

表４．単位の中に固有の名称と記号を含むSI組立単位の例

組立量
SI 組立単位

名称 記号

面 積 平方メートル m2

体 積 立法メートル m3

速 さ ， 速 度 メートル毎秒 m/s
加 速 度 メートル毎秒毎秒 m/s2

波 数 毎メートル m-1

密 度 ， 質 量 密 度 キログラム毎立方メートル kg/m3

面 積 密 度 キログラム毎平方メートル kg/m2

比 体 積 立方メートル毎キログラム m3/kg
電 流 密 度 アンペア毎平方メートル A/m2

磁 界 の 強 さ アンペア毎メートル A/m
量 濃 度 (a) ， 濃 度 モル毎立方メートル mol/m3

質 量 濃 度 キログラム毎立法メートル kg/m3

輝 度 カンデラ毎平方メートル cd/m2

屈 折 率 (b) （数字の）　１ 1
比 透 磁 率 (b) （数字の）　１ 1

組立量
SI 基本単位

表２．基本単位を用いて表されるSI組立単位の例

名称 記号
他のSI単位による

表し方
SI基本単位による

表し方
平 面 角 ラジアン(ｂ) rad 1（ｂ） m/m
立 体 角 ステラジアン(ｂ) sr(c) 1（ｂ） m2/m2

周 波 数 ヘルツ（ｄ） Hz s-1

ントーュニ力 N m kg s-2

圧 力 , 応 力 パスカル Pa N/m2 m-1 kg s-2

エ ネ ル ギ ー , 仕 事 , 熱 量 ジュール J N m m2 kg s-2

仕 事 率 ， 工 率 ， 放 射 束 ワット W J/s m2 kg s-3

電 荷 , 電 気 量 クーロン A sC
電 位 差 （ 電 圧 ） , 起 電 力 ボルト V W/A m2 kg s-3 A-1

静 電 容 量 ファラド F C/V m-2 kg-1 s4 A2

電 気 抵 抗 オーム Ω V/A m2 kg s-3 A-2

コ ン ダ ク タ ン ス ジーメンス S A/V m-2 kg-1 s3 A2

バーエウ束磁 Wb Vs m2 kg s-2 A-1

磁 束 密 度 テスラ T Wb/m2 kg s-2 A-1

イ ン ダ ク タ ン ス ヘンリー H Wb/A m2 kg s-2 A-2

セ ル シ ウ ス 温 度 セルシウス度(ｅ) ℃ K
ンメール束光 lm cd sr(c) cd

スクル度照 lx lm/m2 m-2 cd
放射性核種の放射能（ ｆ ） ベクレル（ｄ） Bq s-1

吸収線量, 比エネルギー分与,
カーマ

グレイ Gy J/kg m2 s-2

線量当量, 周辺線量当量, 方向

性線量当量, 個人線量当量
シーベルト（ｇ） Sv J/kg m2 s-2

酸 素 活 性 カタール kat s-1 mol

表３．固有の名称と記号で表されるSI組立単位
SI 組立単位

組立量

名称 記号 SI 単位で表される数値

バ ー ル bar １bar=0.1MPa=100kPa=105Pa
水銀柱ミリメートル mmHg 1mmHg=133.322Pa
オングストローム Å １Å=0.1nm=100pm=10-10m
海 里 Ｍ １M=1852m
バ ー ン b １b=100fm2=(10-12cm)2=10-28m2

ノ ッ ト kn １kn=(1852/3600)m/s
ネ ー パ Np
ベ ル Ｂ

デ ジ ベ ル dB       

表８．SIに属さないが、SIと併用されるその他の単位

SI単位との数値的な関係は、
　　　　対数量の定義に依存。

名称 記号

長 さ メ ー ト ル m
質 量 キログラム kg
時 間 秒 s
電 流 ア ン ペ ア A
熱力学温度 ケ ル ビ ン K
物 質 量 モ ル mol
光 度 カ ン デ ラ cd

基本量
SI 基本単位

表１．SI 基本単位

名称 記号 SI 単位で表される数値

エ ル グ erg 1 erg=10-7 J
ダ イ ン dyn 1 dyn=10-5N
ポ ア ズ P 1 P=1 dyn s cm-2=0.1Pa s
ス ト ー ク ス St 1 St =1cm2 s-1=10-4m2 s-1

ス チ ル ブ sb 1 sb =1cd cm-2=104cd m-2

フ ォ ト ph 1 ph=1cd sr cm-2 104lx
ガ ル Gal 1 Gal =1cm s-2=10-2ms-2

マ ク ス ウ ｪ ル Mx 1 Mx = 1G cm2=10-8Wb
ガ ウ ス G 1 G =1Mx cm-2 =10-4T
エルステッド（ ｃ ） Oe 1 Oe　  (103/4π)A m-1

表９．固有の名称をもつCGS組立単位

（c）３元系のCGS単位系とSIでは直接比較できないため、等号「　　 」

　　 は対応関係を示すものである。
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