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Abstract

In accident sequences where pH falls below -7, 12 will
form in irradiated water pools. In containments where
no pH-control chemicals are present, the acidity or
basicity will be determined by materials that are
introduced into water as a result of the accident Itself.
The most important acids in containment will be nitric

acid, produced by irradiation of water and air, and
hydrochloric acid, produced by irradiation or heating
of electrical cable insulation. The maximum duration
of a basic pH, in the absence of pH-control chemicals,
was calculated to be -60 to 100 h.
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Executive Summary

pH is the major factor in determining the extent of I2
in solution. In containment where no pH-control
chemicals are present, the acidity or basicity of the
water pool will be determined by materials that are
introduced into containment as a result of the acci-
dent itself. These materials may be fission products
(Le., cesium compounds), thermally produced prod-
ucts (i.e., core-concrete aerosols), or compounds
produced by radiation (i.e., nitric acid).

In situations where pH levels fall below -7, the
formation of 12 will occur in irradiated iodide
solutions. A correlation between pH and iodine
formation is needed so that the amounts of 12 in
water pools can be assessed. This, in turn, deter-
mines the amount of 12 in the atmosphere available
for escape by containment leakage. A number of
calculational routines based on more than 100
differential equations representing individual
reactions can be found in the literature. In this
work, it is shown that a simpler approach based on
the steady-state decomposition of hydrogen peroxide
should correctly describe iodine formation in severe
accidents. Comparisons with test data show this
approach to be valid.

The most important acids in containment will be
nitric acid (HNO3), produced by irradiation of water
and air, and hydrochloric acid (HCI), produced by
irradiation or heating of electrical cable insulation.
The most important bases in containment will be
cesium hydroxide, cesium borate (or cesium carbon-
ate), and in some plants pH additives, such as
sodium hydroxide or sodium phosphate.

Some aspects of the timing of pH changes can be
obtained from what is known about fission product
release into containment. Initially, the pH should be
basic because of cesium entering water pools as
hydroxide, borate, or carbonate. However, once
fission products enter a water pool, a radiation dose
rate is established, and nitric acid begins to form and
neutralize the basic solutes. This leads to an inter-
esting trade-off - a high concentration of fission
products that contain basic solutes brings about a
high initial pH but also a high radiation dose rate,
which results in a relatively high production of nitric
acid. From these offsetting effects, we may calculate

the time necessary to reduce the initial basic pH
down to 7.0. This time can be considered to be the
maximum duration that a basic pH will occur in the
absence of pH control additives. It is a maximum
because it considers only the basic contribution to
pH and the formation of nitric acid.

The maximum duration of a basic pH was calculated
for the seven accident sequences that were evaluated
in NUREG/CR-5732 (Beahm, 1991). The time to
reach pH 7 is remarkably similar for the calculations
where the assumed initial form of cesium was hydrox-
ide. This similarity appears in spite of water volumes
that ranged from 3.00 x 10' gal (1.15 x iOW L) to
1.37 x 106 gal (5.17 x 106 L) in the different
sequences. This maximum duration for a basic pH is
-100 h. The times for pH >7 were -60 h when it
was assumed that cesium entered a water pool as
cesium borate (CsBO2). Thus, -60 to 100 h is the
maximum duration that a basic pH may be main-
tained in the absence of pH control additives. A
pH <7 may be attained in <24 h if boric acid or
Ha becomes a component of the water pool.

Amounts of hydrochloric acid on the order of 103 to
101 mols may be anticipated in some accident
sequences. This would introduce chlorine containing
species that are 10 to 100 times the amount of iodine
containing species.

There are two major uncertainties that result from
the production of HCi in containment. The first is
the uncertainty in the formation of 12 during irra-
diation of water pools that contain both chloride and
iodide ions. The model for steady-state fraction of
iodine as 12 does not specify a mechanism for the
initial production of 12. There are no experimental
data on irradiation of solutions containing chloride
and iodide at pH <7. In the absence of experimental
data, the range of applicability of the steady-state
model remains speculative. As was the case in solu-
tions containing iodide alone, it is only pH <7 that
would be of any importance in 12 formation.

The second uncertainty is in the behavior of 12 and
organic iodide in charcoal filter systems when any
combination of HCI, HOCI, Cl2, or organic chlorides
are present. Again, there are no experimental data
on this. The evaluation in Appendix D.4 was based
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on chemical reactions that may be expected to occur,
and these indicate that both the capacity and

retention of iodine species in charcoal filters will be
degraded when chlorine species are present.
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Introduction

1 Introduction

There is evidence that pH" is the major factor in
determining the extent of 12 in solution (Deane, 1986;
Vikis, 1989). Iodine in solution as 12 will partition to
the atmosphere and be available for release through
containment leakage. In containments where no pH-
control chemicals are present, the acidity or basicity of
the water pool will be determined by materials that

are introduced into containment as a result of the
accident itself These materials may be fission
products (i.e., cesium compounds), thermally produced
products (i.e., core-concrete aerosols), or compounds
produced by radiation (i.e., nitric acid). A list of
materials that will determine pH in a severe accident
is provided in Table 1.1.

Table Li Materials that will determine pH In
containment water pools

" Boron oxides (acidic)

" Basic fission product compounds such as cesium hydroxide or cesium borates (basic)

* Iodine as HI (acidic)

" pH additives (basic)

* Atmospheric species such as carbon dioxide or nitric acid (acidic)

" Core-concrete aerosols (basic)

" Hydrochloric acid from cable insulation (acidic)

Because pH values lower than -7 are associated with
the formation of 12 in irradiated water pools, it is
necessary to assess the materials listed in Table 1.1 to
obtain some sense of the pH values that may be
attained in severe accidents. Further, because it is
desirable to maintain pH values of 7 or above, the
ability to maintain or buffer pH in the presence of a
number of acids and bases must also be evaluated. In
this work, the assessments are based on the amounts
of materials that may be present in containment, along
with calculations of pH values. At Oak Ridge
National Laboratory (ORNL), a computer program
based on the main subroutine of the SOLGASMIX
code was written to calculate pH in containment water
pools for use in TRENDS (Transport and REtention
of Nuclides in Dominant Sequences). This routine

was used in evaluating pH values in the present study.
A description of this routine is given in Appendix A.

In situations where pH levels fall below -7, the forma-
tion of 12 will occur in irradiated iodide solutions. A
correlation between pH and iodine formation is
needed so that the amounts of 12 in water pools and
the containment atmosphere can be assessed. A
number of calculational routines based on more than
100 differential equations representing individual
reactions can be found in the literature. In this work,

"pH values given in this study refer to 296 K (77"F).
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Introduction

it is shown that a simpler approach based on the
steady-state decomposition of hydrogen peroxide
should be adequate for describing iodine formation in
severe accidents.

The work of Liljenzin (1990) and (Fridemo, 1988) on
the pyrolysis of electrical cable insulation alerted us to

the possibility that the formation of hydrochloric acid
(He) in containment would need to be considered in
evaluations of pH. As this possibility was examined, it
became clear that (1) radiation, as well as heat, could
produce HCI, and (2) Ha may react with metals and
with the products of water radiolysis in containment.

NUREOXR-5%O 22



Acids and Bases

2 Acids and Bases in Containment

2.1 Background

The materials listed in Table 1.1 are shown alternately
as acids and bases. If a water pool in containment
could be described as a single large sink for all of
these chemicals, it would be possible to determine an
overall pH based on assumed amounts of each mate-
rial. Because of the different types of acids and bases,
the calculation of an overall pH would require a suit-
able computer routine, such as the one developed for
TRENDS. However, during a severe accident, these
materials may influence pH levels at different times or
may react prior to having any influence on pH at all.
For example, fission product cesium compounds may
increase pH and later be neutralized by an acid (see
Table 1.1). Alternatively, boric acid sprays with a pH
<7 may contact surfaces and then enter a water pool
where the pH is subsequently increased. Thus, pH can
vary with time during a sequence and from one
sequence to another, it will certainly vary for each
reactor plant

2.2 Acidic Materials in Containment

2.2.1 Boric Acid

Boric acid will enter containment from accumulators,
refueling water storage tanks, sprays, and the reactor
coolant system (RCS). Boron concentrations of more
than 4000 ppm boron (as boric acid) may be attained
in the water pool Boric acid sprays would have a pH
of -5 and would come into contact with most surfaces
in containment.

In systems that employ pH-control chemicals (Section
2.3.3), a large portion of the basic material is used to
increase the pH of boric acid solutions. The use of a
borate, such as Na.B.O, • 4H.0 (disodium octa-
borate; trade name, Polybor), would enable boron to
be introduced in a preneutralized form (Hodge, 1992).
Boron constitutes 21 wt % NaABO3 • 4H2O but only
17.5 wt % boric acid. Borates are also easier to
dissolve and more soluble than boric acid. If a borate,
such as disodium octaborate, was stored in aqueous
solution prior to use, it would be necessary to have an
inert cover gas over the solution to prevent reaction

with atmospheric C0 2, which occurs with all basic
materials that are stored in air.

2.2.2 Iodine as HI

Hydriodic acid (HI) is a strong acid, but relatively
small amounts are likely to be in containments. An
evaluation of iodine chemical forms in light-water
reactor (LWR) accidents suggested that iodine enter-
ing containment from the RCS may be described as
5% in the form of elemental iodine and HI, with not
less than 1% as either elemental Iodine or HI; the
remaining 95% would be CsI (Beahm, 1991). The total
amount of iodine in containment would be on the
order of 100 mol, so less than -5 mol as HI is
anticipated.

2.23 Carbon Dioxide

Pure water will attain a pH that approaches 5.65 due
to the absorption of CO2 from air and the subsequent
formation of carbonic acid. Other sources of CO.
include limestone concrete, which is -30 wt % C02 ,
and pyrolysis or radiolysis of electrical cable
insulation.

Carbonic acid is a weak acid, but CO. is readily
absorbed by water and basic materials. Hydroxides
may be converted to carbonate by absorbing CO2 and,
in the case of total conversion, some bicarbonate may
also form. The carbonate or bicarbonate would give a
pH that is lower than that of the original hydroxide.

2.2.4 Nitric Acid

Nitric acid (HNO3) is produced by the irradiation of
water and air. The mechanism for nitric acid is not
known. Two types of test were run at ORNL to
evaluate the formation of HNO3. In the first test,
water and flowing air were irradiated. After passing
through the irradiator, the air was bubbled through
pure water to strip any acidic gases. These tests
showed that acid appeared only in the sample water
and not in the flowing gas. Details of these tests are
given in Table 2.1. In the other series of tests, water
and air were irradiated in a closed vessel. Acidity was
measured with a pH electrode and the correlating
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Acids and Bases

Table 2.1 Acid formation from irradiation of water and air*

Irradiation time Sample volume, cc Trap volume, cc Sample pH Trap pH

6 h, 14 min 96 65 3.7 7.2

6 h 100 65 4.4 7.7

*Acid formation from irradiation of water and air:. 6Co y dose rate 5.3 x 105 rad/h; 350 cc vessel with 23 cc outlet tube to trap; breathing air
flow rate 16.7 cc/min; air introduced -3 cm above water surface; air adt at top of vessel; initial pH 6.6 to 6.7; gas trap pure water cooled in
an ice bath.

nitrate ions were measured with a specific ion
electrode. The radiation G value (molecules/100 eV)
for nitric acid formation based on radiation absorption
by water was:

G(HNO3) = 0.007 molecules/100 eV. (1)

This radiation G value corresponds to 7.3 x 10'
mol HNO3 /L Mrad (Megarad). Thus, for a pool dose
rate of I Mrad/h, starting from neutral solution, pH
levels of 5.1 and 4.1 would be reached in 1 and 10 h,
respectively. Radiation dose rates as calculated for a
previous study ranged from -0.4 Mrad/h in a boiling-
water reactor (BWR) suppression pool to >5 Mrad/h
in a pressurized-water reactor (PWR) sump (Beahm,
1991).

2-2.5 Acids from Electrical Cable Insulation

2.2.5.1 Description of Electrical Cable Insulation

Electrical cables have been modeled as a copper core
with an ethylene-propylene rubber elastomer as
insulator and a jacket of Hypalon (Bonzon, 1980;
Wing, 1984). Hypalon is a registered trademark of
DuPont for chlorosulfonated polyethylene rubbers.
The prevalence of the combination of ethylene-
propylene rubber and Hypalon can be confirmed by an
examination of final safety analysis reports for reactor
plants. In these reports, the organic materials present
in containment are given in Section 6.

Hypalon is a chlorosulfonated polyethylene,
CfHuCIUSO? This material as described by the
formula contains 27 wt % chlorine. The chlorine
content of different types of Hypalon varies from

24 wt % to 43 wt % (Ostrowski, 1985). The actual
wt % chlorine of as-fabricated material is approxi-
mately one-half these values because of the addition of
fillers and other materials. Assuming a nominal
17.5 wt % chlorine as-fabricated, ethylene propylene
rubber/Hypalon would contain -1 mol of chlorine for
each pound of cable insulation. From the description
of electrical cables (Bonzon, 1980), cable insulation in
containment would be 46.4 wt % Hypalon, with the
remainder as ethylene propylene rubber. Wing reports
that a survey of the total estimated weight of cable
insulation materials ranges from 16,600 to 190,000 lb.
A survey made for the present study found approxi-
mately the same range, as shown in Table 2.2. Smaller
amounts of chlorine in the form of polyvinyl chloride
(PVC) gaskets or insulation material may also be
found in containments.

The formulation of Hypalon typically used in cable
materials includes clay as a filler, lead monoxide for
viscosity stabilization, carbon black for weathering, and
a number of organic additives (Fabris, 1973; Verbanc,
1981).

The chlorine content of electrical cable insulation is
emphasized here because studies of the radiolysis or
pyrolysis of Hypalon and other polymers which con-
tain chlorine have found that the vapor produced is
mostly HCI (Arakawa, 1986; Liljenzin, 1990). This is
known as dehydrochlorination. Hypalon performed
well in IEEE standard tests for electrical cables in
nuclear power generating stations (Boston Insulated
Wire, 1975). However, such tests measure flammabil-
ity and electrical properties of the cable insulation, not
gaseous products. Flame resistance and radiation
resistance of chlorine containing polymers is brought
about by dehydrochlorination. The emitted HCI reacts
with free radicals, such as OH, produced by flames or

NUREG/CR-59504 4
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Table 22 Amounts of EMAHpulon cable insulation for selectod plants"

Cable insulation

Plant (1b) obmments

Catawba 16,662 PWR

River Bend Station 37,419 BWR

Palo Verde 39,500 PWR

Seabrook 50,000 PWR

Fermi 2" BWR
137,000 Excluding drywell

5,340 Drywenl

Grand Gulf BWR
176,400 Excluding drywell

9,835 Drywell

Source of data: updated final safety analysis report.
e.An additional 15% of cable is in conduit.

radiation to stop reaction chains that would damage
the backbone of the polymer.

HCI + OH - C1 + H2 0. (2)

22-52 Acids Produced by Radiation

Arakawa et al. (1986) have investigated gas evolution
from irradiated chlorine-containing polymers. Most of
their irradiations were carried out at room tempera-
ture; however, some specimens were heated to 266°F
(1300C) after irradiation. Three types of chloro-
sulfonated polymers were irradiated: (1) pure polymer
of Hypalon-4, (2) Hypalon-40 with added vulcanizers,
MgO, Nocceler TRA (dipentamethylenethiuram tetra-
sulfide), TiO2, and fillers such as calcium carbonate;
and (3) a special formulation of Hypalon of unknown
composition. Irradiation of pure Hypalon-40 gave
radiation 0 values (molecules HCII100 eV) of 2.1 for
HCI and 1.8 for SO. However, the evolution of SO 2
reached a maximum at a radiation dose of -5 x 16'

rad, whereas HCI evolution continued to increase at
doses up to the maximum used in these tests
(1.16 x lIV rad). Heating specimens to 266"F (1300C)
after irradiation yielded additional HC. This addi-
tional Ha would increase the radiation 0 value to
3.4. These radiation G values were obtained from
experiments performed in vacuum. The tests in
oxygen at room temperature resulted in a G value of
4.8 for Ha.

Tests that were run with Hypalon-40 plus the
vulcanizers and fillers did not produce detectable
amounts of HCI or SO?. This formulation contained
magnesium oxide and calcium carbonate, which are
able to neutralize HO in situ. The formulation of
Hypalon typically used in cable materials does not
include magnesium oxide or calcium carbonate
(Clough, 1982). Basic fillers, such as calcium
carbonate, reduce the flame resistance of chlorinated
polymers so they are not used in applications where
flammability characteristics are important. A typical
flame resistant Hypalon formulation contains PbO,
clay, iron oxide, and a chlorinated saturated
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Acids and Bases

hydrocarbon (Fabris, 1973). In addition, tests
conducted on in situ absorption of HCI during
pyrolysis of chlorine-containing polymers showed that
the efficiency of acid neutralization depended on the
amount and type of fillers, and the total percentage of
absorbed HCI varied from 21.8 to 84.4% (O'Mara,
1971). Thus, acid evolution at room temperature in
the presence of added basic materials may not reflect
acid evolution at elevated temperatures in the
presence of the same basic materials.

In the absence of other data, we will adopt a radiation
G value of 2.1 for the formation of HO by irradiation
of Hypalon. This is the value that was reported for
irradiation of pure Hypalon-40 at room temperature in
vacuum (Arakawa, 1986). It is less than the value for
irradiation in oxygen. The use of fillers and vulca-
nizers in the Hypalon in reactor containments may
vary, and it is not likely that irradiation would occur at
normal room temperature during a severe accident.
Thus, the presence of oxygen and elevated tempera-
tures produce G values in excess of 2.1, but fillers and
vulcanizers favor G values of <2.1. For comparison,
we note that the radiation G value for HCI produced
by irradiation of PVC at room temperature was
reported as 7.7 in vacuum and 1&3 in oxygen. Even at
room temperature, the fillers and vulcanizers were not
able to neutralize all the acid produced by irradiation
of PVC (Arakawa, 1986).

The amount of HO produced by the irradiation of
electrical cable is estimated as 4.6 x 10W mol of HCI
per lb of insulation per Megarad. This estimate is
based on the model description of electrical cable and
a radiation G value of 2.1. The total amount of HCI
produced per Mrad, based on the plants cited in Table
2.1, would range from 7.7 mol/Mrad for Catawba to
86 mol/Mrad for Grand Gulf. The overall extent of
HCI production would depend on the total dose.

The amount of HO produced in the six plants listed
in Table 2.1 has been calculated using a procedure
given by Wing (1984). In this procedure, energy
deposition on the cable insulation was obtained from
the "Updated Best-Estimate LOCA Radiation
Signature" of Thayer et al. (1981). The total amount
of cable insulation in containment was assumed to be
located in trays midway between the center and walls
of containment. The calculation for evolution of HCI
was the same as Wing's calculation for the evolution
of organic gases and hydrogen except for the amounts

of cable insulation, the volume of containments, and
the radiation G value. These calculations employed
G(HCI) of 2.1, whereas Wing used a value of 0.15 for
organic gases and hydrogen. Wing had to use an
estimated G value because no experimental data on
Hypalon irradiation were available at the time of his
report. Recently, Arakawa et al. (1986) gave data that
correspond to a G value for H2 evolution from
Hypalon of 0.29 to 0.58.

The overall amount of HCI calculated to be produced
by irradiation of the containment inventories of cable
insulation and the "Updated Best-Estimate LOCA
Radiation Signature (Thayer, 1981) are given in
Table 2.3. Using 17.5 wt % chlorine for as-fabricated
Hypalon, the fractional release of chlorine as HO was
calculated to be 5 to 15% at 12 h and 9 to 25% at 1 d.
Thus, because of the large amounts of cable insulation
in containments, significant quantities of HO may be
produced and the cable material will still retain most
of its original chlorine.

The method for calculation of dehydrochlorination of
Hypalon by radiation is given in Appendix B.

225.3 Acids Produced by Pyrolysis

The pyrolysis of Hypalon has been described as a
three-stage process with each successive stage
occurring at a higher temperature (Smith, 1966):
Stage 1, loss of SO 2 groups; Stage 2, loss of HO
(dehydrochlorination); and Stage 3, breakdown of the
hydrocarbon chain. Thermal analysis of the pyrolysis
of Hypalon 20 and Hypalon 40 by Smith showed that
these materials behaved similarly: the loss of -SO2
groups occurred at temperatures near 392°F (2000C),
loss of HCI occurred at temperatures near 5720°F
(3000 C), and breakdown of the hydrocarbon chain
occurred at temperatures near 7520F (4000C). From
data given by Smith, the half life for release of HCI
was 1 h at 486°F (252° C) and 1 min at 666°F
(352-C).

Liljenzin conducted a series of tests in a nitrogen/
steam atmosphere to study gas evolution during the
pyrolysis of electrical cable insulation (Liljenzin, 1990,
Fridemo, 1988). These tests showed that both con-
densible and noncondensible gases and acidic
substances were given off at temperatures as low as
752° F (400° C). The acidic substances were mainly
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Table 2.3 Ha generation for radiolysis of Hypalon using
Updated Best Estimate LOCA Radiation Signature

g-mol Ha
Plant

lh 12h Id 4d

Catawba 2.7 x 102  2.6 x 10 4.3 x 101 1.1 x 104

River Bend Station 3.9 x 102 3.8 x 103 6.3 x W03 1.6 x 10'

Palo Verde 3.0 x 102 2.9 x 103 4.8 x 101 1.3 x 10'

Seabrook 3.3 x 102 3.2 x 10 5.3 x 1W9 1.4 x 10'

Fermi 2 8.2 x 10 2.2 x 10 1.3 x 10 3.4 x 104

Grand Gulf 2.2 x 1W 2.2 x 10 3.6 x 10 9.2 x 10

HCI, SO., and CO2 , which are similar to the gases that
evolved from the irradiation of electrical cable insu-
lation. Materials that were tested Included PVC and
Lipalon. Lipalon reportedly contains 17.5% chlorine
and 1.1% sulfur (Fridemo, 1988).

Liljenzin reported that acidic gases were released from
electrical cable insulation that was heated at tempera-
tures of 7520F (x4000 C). The amounts of acid pro-
duced by pyrolysis, in a nitrogen/steam atmosphere,
from insulation in typical Swedish BWR containments
were 1.6 x 103 mol at 752° F (400( C), 1.3 x 104 mol at
11120 F (6000C), and 1.2 x 10' mol at 14720 F
(W0oC).

In the Swedish work (Liljenzin, 1990), two accident
sequences were used to evaluate the pH of water
volumes as a function of time. In these calculations, it
was assumed that the organic material below the BWR
vessel was pyrolyzed at 1472°F (8000C). It was also
assumed that the amount of pyrolyzed material
increased from zero to half of the maximum amount
possible as a linear function of the amount of core-
melt leaving the vessel. In both a TB and AB
sequence, the wetwell pH was initially basic because of
cesium hydroxide and subsequently reached a pH of -3
in 3 to 4 h. It should be noted that radiation-induced
nitric acid formation was not included in these
calculations.

2.3 Basic Materials in Containment

2.3.1 Basic Fission Product Compounds

Cesium may enter containment in the form of cesium
hydroxide, cesium borate, or cesium iodide. Cesium in
other forms, such as zirconate and molybdate, are also
possible. Cesium hydroxide and cesium borates are
basic materials. In containment, cesium hydroxide
may react with CO2 to produce cesium carbonate. If
all the cesium hydroxide in a region within contain-
ment is converted to cesium carbonate, further reac-
tion with CO. would produce cesium bicarbonate.

The amount of cesium entering containment would be
-500 to 1000 mol. When this material enters water
pools, the concentration would be on the order of 104

to 104 mol/L, depending on the volume of water in
containment. The reaction of cesium hydroxide with
boron oxides or CO2 results in a partial neutralization
of the hydroxide. Thus, a 10W M solution of cesium
hydroxide would have a pH of -10, but the same con-
centration of a borate or a carbonate would give a
lower pH. In TRENDS models, a variety of chemical
forms may be selected for cesium, and it should be
noted that retention of cesium in the hydroxide form,
even in controlled laboratory atmospheres, is
extremely difficult.
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2.3.2 CoreConcrete Aerosols

Aerosols from limestone concrete will contain the
basic oxides CaO, Na2O, and K2•. The amounts of
basic materials will vary from sequence to sequence
and for different reactor systems. These basic
materials will be constituents of aerosol material that
contains other products such as silicon dioxide (SiO2),
iron oxide (FeO), fission product oxides such as La203,
and metals such as silver or manganese. The influence
of core-concrete aerosols on pH will depend on the
extent to which the basic oxides can enter solution.

A series of pH tests was run at ORNL on aerosol
material from the SURC3 (Copus, 1990) experiment
that was kindly supplied by Sandia National Labora-
tory (SNL). Results of these tests are given in
Table 24. Material from Impactor D gave a basic pH;
however, since there was no buffer capacity (see
Section 2.3.3.1), the pH decreased by more than one
unit on standing in air.

2.3.3 Chemical Additives to Control pH

2.3.3.1 pH Buffers

The measure of pH buffer capacity, B, is defined as

db
(-db
dpH

= an increment of strong base
= an increment of strong acid), and
= the change in pH that results from the

addition of an increment of acid or base.

Bates has shown that buffer value may be expressed in
terms of the equilibrium constant for dissociation of
the weak acid (Bates, 1973):

B .(H' (4)

w He eK + (H V

where

K • equilibrium constant for dissociation of
the weak acid or weak base,

C = initial concentration, for example, of
boron in a borate buffer or of phosphorus
in a phosphate buffer (mol/L),

(H+) = hydrogen ion concentration (mol/L), and

B adb
dpH'

(3)

(OH') = hydroxide ion concentration (mol/L).

A borate buffer that controls pH at values near 9.2
has a dissociation constant of 5.8 x 10"1, and a
phosphate buffer that controls pH at values near 7 has
a dissociation constant of 6.3 x 108 (Dean, 1985).where

Table 2.4 Results of pH tests on material obtained In core-concrete
Interaction cxperimet SURC3"

Concentration

Sample (gWL) pH Comments

Impactor D 1.0 9.52 No buffer capacity

Impactor D 0.1 &50

Preseparator D 1.0 7.25

Impactor D 1.0 &33 Decrease in pH most likely due
after sitting in air for 1 d to dissolution of CO2 from air

"Tests were run at ORNL oni material supplied by SNL.
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In a buffer solution, the maximum buffer value is
attained when the hydrogen ion concentration equals
the dissociation constant or K = (H). When this
occurs,

2.303C C . 0.576 c. (5)
4

The importance of this result is that a given
concentration of a phosphate buffer would have the
same buffer value at a pH near 7 as a similar
concentration of a borate buffer would have at a pH
near 9.

The use of these equations for buffer value may be
illustrated by assuming that an Increment of acid, -db,
will be added to a water pool in which we wish to
maintain pH. The amount of strong acid will be x
mols, which will be present in a total volume of VL
(liters):

-b --x. (6)
VL

The pH change would be obtained as follows:

-- 203M K_€C (H)
d pH = =-". (7)

VL (K +(H)

At the maximum buffer value,

d pH =- -X0.576 C. (8)
VL

As an example, we may calculate the concentration of
a borate buffer that will maintain the pH level within
0.1 unit when Wos mol of acid is added to containment
water pools. The value of VL will range from -Wos to
5 x 10• L At the maximum buffer value at a pH of
9.2 for a borate buffer, the pH would decrease by only
0.1 unit when the borate buffer concentration was 0.17
mol/L and VL = 105 or when the concentration was

3.5 x 1 mo/L and VL = 5 x 10'. Similar concentra-
tions of a phosphate buffer would maintain the pH
level to within 0.1 unit at a pH near 7.

23.32 Materials for pH Control

The pH buffer materials for use in containment must
be borate or phosphate. No other chemical additives
would have the desirable pH range and chemical
stability. Typically, the phosphate is in the form of
trisodium phosphate that is held dry in baskets that
are located in containment. The amounts of trisodium
phosphate may be quite large; 26,500 lb (3.2 x 10W
mol) of Na3PO4 • 12H 20 is in place at Palo Verde
according to the updated final safety analysis report.
Borate buffers are made up of sodium hydroxide and
boric acid that are stored separately and combined in
spray systems. Boric acid would also be used in sprays
in passive pH control of trisodium phosphate.

The combination of trisodium phosphate and boric
acid would result in a phosphate-borate buffer with a
total buffer value that is the sum of the values for the
two components. This may be illustrated by an
example based on data from Palo Verde. After the
initiation of boric acid spray, the sump would contain
4400 ppm boron as boric acid and 2000 ppm phos-
phate, according to the updated final safety analysis
report. Table 2.5 gives some calculated pH values
based on information for the sump at Palo Verde. A
pH of 7.7 was calculated for the conditions expected in
the sump. However, most of the trisodium phosphate
in the sump would be used to neutralize the boric
acid. This is shown by the value of the pH that is
given on the far right of Table 2.5, for the case where
no boric acid was assumed. This result will generally
be observed whether pH control is attained by sodium
hydroxide or by trisodium phosphate. Most of the
base will be used to neutralize the boric acid. An
alternative to boric acid may be suggested. Disodium
octaborate contains 21% boron by weight, whereas
boric acid is only 17.5% boron. In addition, disodium
octaborate solutions would have a pH of &0 to 8.5,
and this material is more soluble than boric acid (see
Section 2.2.1).

Two potential difficulties may be cited with regard to
passive trisodium phosphate:

(1) Calcium oxide or calcium hydroxide from core-
concrete aerosols may react with phosphate in
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Table 2.5 Calculated pH kwes for various assumptions
based on information for sump at Palo Verde

pH value

7.7 8.6 10.4

4400 ppm boron as 4400 ppm boron as 2000 ppm PO&,
boric acid plus "Polybor" plus
2000 ppm PO'4 2000 ppm P04¾
(condition expected)

water to form calcium phosphates which would
precipitate as solids from solution according to the
following equation:

2PO4 - Ca3 (PO4 )2 (solid) (8)

This would decrease the ability to control pH by
removing phosphate from solution.

(2) During storage, trisodium phosphate may react
with CO in air to form a carbonate.

NUREG/CR-5950 10
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3 Model of Iodine Radiolysis

3.1 Background

The task of obtaining rate constants to be used in
describing iodine behavior in containment involves the

complete mechanistic evaluation of iodine in water,
including hydrolysis, reverse hydrolysis, oscillatory
mechanisms, and redox reactions. Studies of iodine
behavior in water began more than 100 years ago.
The primary advantage that we have now over earlier
investigators is the availability of computers and
routines for solving large systems of differential
equations associated with reaction kinetics. However,
the earlier investigators did not try to contend with
the interaction of iodine species and the products of
water radiolysis. In recent years, this problem was
approached by performing experiments on the irradia-
tion of aqueous iodine and setting up methods for
solving a large set of differential equations, more than
100 in some cases, in an attempt to reproduce the
experimental results by calculation.

The practical problem to be considered Is the extent of
release of iodine from containments during reactor
accident events. To some extent, this puts limits on
the range of conditions that must be evaluated. For
example, the events of interest in a water pool will
probably be restricted to a pH range between -3 and

& At pH values above 8, conversion of I- to I2 by
radiolysis is very small and hydrolysis is quite rapid. It
is not likely that pH values below -3 will be attained
in reactor accidents (with the possible exception of
evaporation to dryness, which is not considered here).
If this did occur, it is not difficult to predict what
would happen by using experimental data on radiolysis

effects and reverse hydrolysis. Other important
parameters, such as temperature, iodine concentra-
tions, and radiation dose rates, may also be delimited
if we consider only the conditions of importance in
reactor accidents.

A useful model must not require information that is
not available in normal accident sequence calculations.
It must also be efficient, easy to understand and use,

and accurately reflect available data. It is desirable to
use mechanistic formulations as much as possible;
however, empirical elements will no doubt be required

as well.

Based on the results of experimental studies, we may
summarize the formation of 12 during the radiolysis of
I* as follows:

(1) At pH <3, virtually all iodine is converted to I2;
for pH >7, only a tiny fraction is converted.
For 3 < pH < 7, conversion is highly variable
(see Figure 3.1).

(2) For a given pH and temperature, there is a
threshold radiation dose to the water, which, if
exceeded, ensures that conversion will reach the
steady-state value. If iodine is not added until
this dose is reached, then steady-state conversion
occurs very rapidly (within a few minutes). If
dose is lower than the threshold value, then

conversion will occur gradually until the steady
state is reached.

(3) At very low aqueous iodine concentrations,
<-10' g-atom I/1, there is a tendency for iodate
formation in the presence of irradiation and a
tendency for iodine to show anomalous behavior
in the absence of irradiation. Data in this
region are less reliable, and, therefore, modeling
results will exhibit greater uncertainty. Fortu-
nately, the total quantity of iodine is low in this
case as is the fraction as I2.

Our approach to the use of kinetic rate expressions is
based on a narrowing of the problem to a range of
parameters that are of practical interest and involves
identifying the process(es) that bring about the plateau
in fraction of I- converted to 12 at a given pH. This
approach was selected rather than using more than
100 individual reactions because many if not most of
the rate constants in the large set of reactions must be
estimated, and, as a result, have large individual
uncertainties that would be perpetuated into the
overall calculation.

3.2 Description of the Model

The plateau in fraction of Y converted to 12 implies
that a steady-state process is reached during irradia-
tion. During the irradiation of water, free radical
products such as OH. or H. are present at very low
concentrations on the order of l(01 M or less.
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Figure 3.1. Model calculations of fraction as 12 vs pH
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However, hydrogen peroxide (H202) will be present at
concentrations that are comparable to iodide concen-
trations in containment water pools: 104 to 10' M.

The concentration of H20 2 will depend on the radia-
tion dose and on the extent of reaction with other
species in solution, such as I- or Ca.

Hydrogen peroxide reacts with both r and 12 as
follows:

21- + 2H + O2 -1 +J ÷ o, (10)

12, +1 NO -. 21- + 2Hl- + 02 . (11)

These reactions generated much interest in the 1920s
and 1930s. Abel (1928) proposed a mechanism that
gives the following relationship between 1, 12, and H+:

(H')ý (1"2 = d + e (1-I÷ (12)

((12)

where (HW), (r), and (12) are concentrations in mol/L
(M) and d and e are constants. The constants are
derived from a combination of three reaction rate
constants and two equilibrium constants, as described
in Appendix C. This equation can be solved for (12) if
(H÷) and (Y) are known. The value of (HW) can be
obtained if the pH is known: pH = -log10 (H*). For
iodine concentrations > -I0' M, iodate concentrations
are small in irradiated solutions; thus, we may say that:

ToW iodine co•scention - .) ID & 2(V. (13)
L

(Note: Because I1 contains 2 g-atom I per mol and I'
contains only 1 g-atom, it is convenient to use g-atom
rather than mol in aqueous iodine concentrations.)
Figure 3.1 gives plots of fraction of I converted to 12
as a function of pH that were calculated from Equa-
tion 12 and d = 6.05 x 10"14, e = 1.47 x 10' (see
Appendix C). The curves have the expected slgmnoid
shape that has been observed in studies of iodine
radiolysis (Lin, 1980), and the calculated values are in
reasonable agreement with experimental measurements
as shown in Appendix C. The shape of these curves

reveals a difficulty in both the experimental and calcu-
lational approaches to iodine radiolysis. There is a
steep transitional region where a small change in pH
results in a large change in the fraction as l2 The pH
region from -3 to -6, which is of interest in contain-
ment water pools, is precisely the one that is most
sensitive to small changes in pH.

At a given pH, the curves show that the fraction as I2
will be decreased as the total iodine concentration
decreases. Thus, a large water volume would have a
smaller fraction as I1 than a small volume containing
the same amount of iodine.

This model does not specify a mechanism for the
initial production of 12 or H202. The production of
H20 2 in irradiated water is well documented (Buxton,
1988). The model represents the catalytic decomposi-
tion of H20 2 by iodine species, and H202 does not
appear in the overall equation (Eq. 12) that represents
this process. With this model, the only effect of dif-
ferent radiation dose rates would be the time required
to reach steady state. Experimentally, it has been
observed that at dose rates > -0.3 Mrad/h, steady state
would be reached within a few hours.

3.3 Iodine Distribution

3.3.1 Iodine Partition Coefficient

The equilibrium distribution of 12 is represented by the
partition coefficient, PC(I2):

Q12) q
(12)gasI

(14)

where (I2)aq is the aqueous I concentration, M, and
(I2)gas is the gaseous 12 concentration, M. The
partition coefficient for 12 can be obtained from

log,, PC(12) = 6.29 - 0.0149 T
T(K).

(15)

The distribution of 1, may be calculated using the
iodine model (Section 3.2) to obtain (I2)aq and using
PC(IQ) to obtain (I2)gas. This would give the
equflibrium distribution that is likely in a bubbling
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suppression pool. In a quiescent pool, it might take
some time to approach such an equilibrium.

3.3.2 The Behavior of 12 and CH3I in Steam
Suppression Pools

The results of suppression pool experiments per-
formed at five different laboratories were analyzed for
efficiency of absorption of 12 and CH 31 by Rastler
(1981). In most cases, the apparatus was designed to
be a scale model of a nuclear reactor emergency steam
suppression pool.

The important finding of this analysis is that the mass
transfer between iodine in the gas input steam
(bubbles) and iodine in the pool water was very fast.
In all cases, equilibrium or near-equilibrium was
reached. This was demonstrated in the following ways.

(1) Iodine trapping was independent of the depth of
immersion of the bubbler. Immersion depths
were typically 30 to 120 cm. A miniature appara-
tus tested by Diffey (1965) was effective because
of the small bubbles formed (3-cm immersion
with 0.3-cm-diam outlet).

(2) Air bubbled through the pool after iodine addi-
tion was stopped contained the same concentra-
tion of iodine as during the addition phase. This
demonstrates that equilibrium was reached during
desorption as well as adsorption.

(3) Mass transfer of iodine from a noncondensing gas
was as complete as when part or all of the gas was
steam that condensed in the pool.

(4) The amount of untrapped iodine was essentially
directly proportional to the volume of
uncondensed gas.

(5) The 12 or CH31 partition coefficients (iodine
concentration in the pool/average concentration in
the gas leaving the pool) were very close to those
from the literature for the given concentration,
pH, and temperature.

(6) Mass transfer from the surface of the pool to the
gas space above it was significant. This was the

principal iodine loss mechanism when the iodine
was input with pure steam. Stanford (1972)
modeled this mechanism.

The Steam Generator Heavy Water Reactor mockup
provides a variety of test conditions (Rastler, 1981;
Section 7.1.2). The steam content ranged from 0 to
100%. Three elution tests were performed. The
resulting decontamination factors scattered more than
desirable even after correcting for the air flow rate.
Part of this might result from air flow time differences
that were not mentioned in Rastler's review. A copy
of the original work could not be located. The initial
pool temperature was 10*C which should have
resulted in essentially 100% steam condensation for
the 100% steam tests. The DFs for the 100% steam
runs were not any higher than those runs which
included moderate volume air flow. This suggests that
there was significant iodine transfer from the pool to
the gas space above by way of the pool surface.

A study conducted in the United Kingdom (Diffey,
1965; Rastler, 1981; Section 7.1.3) used two different
sizes of apparatus and included HI as well as 1I and
CH 3I. It was concluded that "with a favorable
geometry, the penetration of methyl iodide, hydrogen
iodide, and elemental iodine at high concentrations is
limited to approximately that by which Henry's law
can be theoretically predicted to be in equilibrium
with the solution formed." Tests with low concentra-
tion 12 showed much better retention of iodine in the
water.

The PIREE experiment (Rastler, 1981; Section 7.1.4)
was not designed to study nuclear reactor steam sup-
pression pools, but it provided similar results. The
experiment consisted of testing I. in high pressure,
high temperature CO, bubbled into a pressurized
148 ft3 (42 M3) tank. The depth of bubbling was
varied by changing the amount of water in the tank.
There was no effect of bubbling depth when the
results were corrected for the volumes of water and
CO2. One difference from other studies is the DFs
were not higher for the low iodine concentration
studies. This might possibly be the result of organic
iodide contamination of the source 12 or organic iodide
formation in the high-temperature, high-pressure CO2
carrier gas.

A test conducted at ORNL (Stanford, 1972; Rastler,
1981; Section 7.1.6) used 12 with conditions selected
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"to conform as closely as possible to the design basis
accident." Tests were performed with 12 in pure steam
and in steam with 2% air. Decontamination factors
for the pure steam tests averaged about a factor of 3
higher than for the 2% air tests. The volume of air in
the air-steam mixture appeared to be more than three
times the air space above the water. Iodine transfer
from the pool surface to the air space above the pool
was shown to be significant in the tests that used only
steam and iodine as the input mixture. For all cases
of a steam-air-Iodine input, calculations showed that
an equilibrium was reached between iodine in rising
air bubbles and the surrounding water.

Another test series (Siegworth, 1971) used a 1/10,000
scale model of a Mark I BWR pressure suppression
system. Only CH3I was tested. A downcomer
immersion depth of I ft resulted in CH3I absorption
only 20% less than for a 4-ft immersion depth.
Critical information, such as time of CH3I injection
and air flow volume, were not given.

In summary, it appears that the mass transfer of vapor
forms of iodine (12, HI, and CH3I) is rapid enough in
steam suppression pools that equilibrium between gas
bubbles and pool water can be assumed. For sub-
cooled pools, the steam will be condensed and only
the noncondensible gases (usually air, inerting N2, and
112) will carry iodine through the pool. For steam-
saturated pools, the volume of uncondensed steam will
also transport iodine through, but equilibrated with,
the pool water.

The transport of particles from the bubbles is slower
than for iodine in vapor form but has been found to
be significant. Most of the iodine sorbed or
condensed on the particles will dissolve in the pool
and contribute to the gas/water equilibrium. The
amount of iodine transported from particles in the
bubbles to pool water in soluble form is probably
close to 100%.

When the volume flow rate of gas (air, N2, H2, and
steam) bubbling from the surface of the pool is small,
the transfer of iodine between the pool is small, the
transfer of iodine between the pool surface and the
gas space above It can become significant. Induced
and natural convection in the pool will probably keep
it well mixed. For a closed system, such as a Mark I
torus, gas to liquid iodine equilibrium will probably be
maintained.

The above observations and suggestions provide a
simple method for assisting in the calculation of
iodine behavior In suppression pools. Note that the
transport of particulate iodine with gas flowing out is
not quantified here. If this simplified method is used,
it may be desirable to show that mass transfer for the
particular geometry and accident conditions
approaches the assumed equilibrium conditions on a
plant-by-plant basis.

3.33 Evaporation of Volatile Iodine Species
from Water

Consider the problem of 12 evaporation from a
containment pool or sump to a gas space. This is
generally modeled by assuming a two-film model:

w. .. waam - r•c, - Pccp,. -1 1. .(,' b

where

k. and k. denote liquid and gas-phase film transfer
coefficients (cm/s), C, and C, are bulk concentrations
(mol/cn9), and PC is the equilibrium partition
coefficient (inverse of Henry's Law Constant).

Hewison (1987) gives a thorough discussion of the
assumptions implicit in interphase transport modeling
in general, and the two-film model applied to reactor
accident situations.

For transfer in the gas film, Yuill et al. (1970) suggest
the following coefficients, derived for forced convec-
tion parallel flow over an immovable flat surface:

k • .664 Re°" .•¢o-D =•.036 Re"' Scem Re 1 2 x IW1
Re > 2 x 101f

(17)

and assume no transfer resistance in the liquid. One
problem with this approach is that use of a forced
convection correlation presupposes one-dimensional
semi-infinite plane flow of know velocity. Obviously, a
containment is a closed compartment, with two-
dimensional surface and unknown flow velocities.

Hewison also uses Equation 17 in the gas film and
suggest a liquid phase coefficient derived from a
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natural convection correlation, which assumes a
temperature gradient in the liquid:

0.54 (Grhrfz

1 h 0-c < I o OF (anb) (18)
D 0.14 (GrA,.,

10' < GrPr - 3 x 10o (tabuk'n)l

Equation 18 is derived using the mass-transfer analogy
to heat transfer for an infinite heated horizonal
surface, and is consistent with the natural convection
heat transfer correlations used in the CONTAIN code
(Washington, 1991) (applying to both fluids) for water
warmer than air.

When air is warmer than water, natural convection
should not occur, although other forces (e.g., venting)
may still induce circulating flows. Without such flows,
molecular diffusion would be the mechanism of equili-
bration. The CONTAIN code (Washington, 1991)
uses a correlation for heat transfer in this situation
and the mass-transfer analogy is employed here as
well:

Sh - 0.27(Gr Pr)°f23 . (19)

Natural convection correlations (such as Equation 18)
are usually derived for semi-infinite surfaces. While
there has been considerable study of natural con-
vection in closed compartments, we have not seen any
geometry that matches the general situation expected
in a containment, which should include (1) rectangular
or cylindrical and (2) heated floor or cooled ceiling.
Furthermore, the fluid-fluid interface presents a
different situation, since Equation 18 was derived from
experiments using a fluid-solid interface. And finally,
all correlations (including those that assume a heat-
mass transfer analogy) and almost all experiments
concerning mass transfer assume that the driving force
is a concentration gradienL In our situation, concen-
trations of fission-product species are expected to be
so small (1OW - 10 M) that negligible contributions to
fluid circulation should result. Thus, we actually have
mass transfer in natural convection driven by a tem-
perature gradient. Very few studies discuss this
phenomenon, although Khair (1985) showed smaller
mass transfer by an order of magnitude in a computer
calculation of flow near a semi-infinite heated vertical
surface.
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4 Analysis and Conculsions

Some aspects of the timing of pH changes can be
obtained from what is known about fission product
release into containment. Initially, the pH should be
basic because of cesium entering water pools as some
combination of hydroxide, borate, or carbonate. How-
ever, once fission products enter a water pool, a radia-
tion dose rate is established and nitric acid begins to
form and to neutralize the basic solutes. This leads to
an interesting trade-off - a high concentration of
fission products that contain basic solutes brings about
a high initial pH but also a high radiation dose rate,
which results in a relatively high production of nitric
acid. From these offsetting effects, we may calculate
the time necessary to reduce the initial basic pH to
7.0. This time can be considered to be the maximum
duration that a basic pH will occur in the absence of
boric acid, cable decomposition products, and core-
concrete aerosols. It is a maximum because it con-
siders only the basic contribution to pH and the
necessary result of the introduction of fission products
into a water pool (i.e., formation of nitric acid).

This maximum duration of a basic pH was calculated
as follows: (1) The radiation energy deposited in
water pools and the amounts of cesium (in mols) were
obtained from Tables El through E4 of NUREG/CR-
5732 (Beahm, 1991) (Iodine Chemical Forms in LWR
Severe Accidents); the water pool volumes were
obtained from the same report. (2) It was assumed
that all of the cesium in containment entered the
water pools as cesium hydroxide (CsOH) or cesium
borate (CsBO2). (3) The formation of nitric acid was
calculated from the radiation 0 value (Section 2.2.4).

The results of these calculations are listed in Table 4.1
for the seven accident sequences that were evaluated
in NUREG/CR-5732. The times to reach pH 7 are
remarkably similar for the cases where the assumed
initial chemical form of cesium was hydroxide, despite
the range in water volumes from 3.00 x 10H gal
(1.15 x 10' L) to 1.37 x 10' gal (5.17 x 106 L). The
calculated times are similar because of the trade-off in
amount of fission products that enter the pool and the
formation of nitric acid, which have already been
descr•bed.

The time durations for pH level above 7 are shorter
when it is assumed that cesium enters a water pool as
CsBO2. This is because this assumption implies a
partial neutralization before reaction with nitric acid:

CsOH + HB03  CsBO2 + 26 -0. (20)

The range of values in this case is somewhat greater
than that with cesium hydroxide because a borate
buffer forms (Section 2.3.3.1).

From this evaluation, -60 to 100 h is the maximum
duration that a basic pH may be maintained in the
absence of pH-control additives. A pH of 7 or less
may be attained in times shorter than this if boric acid
or a strong acid, such as HCa, is present in the water
pool. For example, boric acid at concentrations of

> -0.12 M would attain a pH of 7 in 24 h in the
Grand Gulf suppression pool during the TC sequence.
Strong acids, in amounts 0500 to 1000 mol, would also
produce a pH of 7 in 24 h or less in any of the
accident sequences.

A survey of accident sequence calculations that
employed the Source Term Code Package (Gieseke,
1984; Denning, 1986) revealed that temperatures in
excess of 572°F (3006C) in containments is often pre-
dicted. In these sequences as well as those where
radiation dose rates in containment approach those of
the "Updated Best-Estimate LOCA Radiation
Signature" (Thayer, 1981), amounts of HCI on the
order of 1o0 to 10' mols may be anticipated. This
would introduce into containment amounts of chlorine
containing species that are 10 to 100 times the
amounts of iodine containing species.

Some plants that employ pH control chemicals will be
able to maintain pH 2 7 even with this influx of HCL
In containments where pH control chemicals are not
used, Table 2.3 may be used as a guide to the timing
of the decrease in pH due to HC. At times between
I and 12 h, the amount (mols) of HCI would exceed
the amount (mols) of cesium in containments. This

timing, based on radiation degradation of chloro-
sulfonated polyethylene, is supported by the evaluation

17 NUREG/CR-5950



Analysis and Conclusions

Table 4.1 Nitric acid neutralization of cesium compound-
maximum time to reach pH 7.0

Time (h)

Plant Cesium Cesium
and hydroxide borate

sequence (CsOH) (CsBO.)

Grand Gulf
TC 98 60
TQUV 110 67

Peach Bottom
TC2 99 58
AE 110 75

Sequoyah
TBA 118 99

Surry
TMLB' 104 101
AB 124 121

of Liljenzin (1990) that was based on thermal
degradation as cited in Section 2.2.5.3 of this report.

The evaluation of HCI emission from electrical cable
materials was based on a model description of
ethylene propylene rubber insulation and Hypalon
jacketing that was used in previous studies (Bonzon,
1980, Wing, 1984). Other chlorinated polymers,
neoprene and chlorinated polyethylene, are also used
in some containments. Dehydrochlorination of these
materials by radiation or by heat is similar to Hypalon
(Arakawa, 1986; Smith, 1966).

Hydrochloric acid in containment may do more than
decrease pH. The following interactions of chlorine
species in containment are evaluated in Appendix D:

(1) the competitive reaction of Cl and V with OH
radicals,

(2) the aqueous to gaseous partition coefficient of Cl2
and HOCI,

(3) the effect of organic chlorides on the formation of
organic iodides, and

(4) the influence of gaseous chlorine species on the
capacity and retention of iodine species in
charcoal filters.

Here are some of the important interactions of
chlorine species. In irradiated water pools, chloride
ions will react in acid solutions with water radiolysis
products to form Cl2 and other oxidized chlorine
species:

2C0- +20H--C +2OH-. (21)

Iodide ions (I) readily react with chlorine to form I:
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21- + (32 - 12 + 2C- . (22)

The reaction shown in Equation 22 is the basis of a
standard method of analysis for chlorine in water. The
model of iodine radiolysis (Section 3), based on
reaction with H202, did not specify a mechanism for
initial 12 formation, and it is likely that this model
would still be valid even if Equations 21 and 22 occur.
However, the total iodine concentrations where iodate
ions (103) appear in irradiated solutions may be
different when CV is present. In solutions without Cl,
iodate forms only at concentrations of < - 10' g-atom
total iodine/L It is not clear whether this will occur
at the same total iodine concentration in a solution
that contains CL. Thus, Cl may influence the range of
total iodine concentrations in situations where the
model is applicable.

Hydrochloric acid or chlorine may affect retention in
charcoal filter systems. In impregnated filters, Ha
may interact with the deposited chemicals; alterna-
tively, it may occupy surface sites instead of iodide. If
chlorine enters a filter system, a reaction expressed in
Equation 22 may occur and 12 could form from
deposited iodide (I).

Also, because it is a strong acid, HO will react with
metals to form hydrogen.

Two major uncertainties result from the production of
HO in containment The first is the uncertainty in
the formation of I during irradiation of water pools
that contain both chloride and iodide ions. As noted
previously in Section 3.2, the model of steady-state
fraction of iodine as I. does not specify a mechanism
for the initial production of 12. There are no experi-
mental data on irradiation of solutions containing
chloride and iodide at pH < 7. In the absence of
experimental data, the range of applicability of the
steady-state model remains speculative. As was the
case in solutions containing iodide alone, it is only
pH < 7 that would be of any importance in 12
formation.

The second uncertainty is in the behavior of I. and
organic iodide in filter systems when some combina-
tion of HO, HOCI, C02, or organic chlorides are
present. Again, there are no experimental data on
this. The evaluation in Appendix D.4 is based on
chemical reactions that may be expected to occur, and
these indicate that both the capacity and retention of
iodine species in charcoal filters will be degraded when
chlorine species are present.

19 9NUREG/CR-5950





References

5 References

Abel, E., 'Ober das Reaktionspiel Zwischen
Wasserstoffsuperoxyd, Jod und Jodion," Z Physik
Chirn., 136:161 (1928).

Arakawa, KI, T. Seguchi, and K. Yoshida, 'Radiation-
Induced Gas Evolution in Chlorine-Containing
Polymer. Poly (Vinyl Chloride), Chloroprene Rubber,
and Chlorosulfonated-Polyethylene," RadiaL Phys.
Chem., 27(2):157 (1986).

Barner, H.E. and R.V. Scheuerman, Handbook of
Thermochenmcal Data for Compounds and Aqueous
Solutions, John Wiley & Sons, New York, 1978.

Bates, R.G., Determination ofpH, John Wiley & Sons,
New York, 1973.

Beahm, E.C., M.L. Brown, and W.E. Shockley,
'Adsorption of Iodine on Aerosols,' ORNI/TM-1079,
December 1990.

Beahm, EC., C.F. Weber, and T.S. Kress, "Iodine
Chemical Forms in LWR Severe Accidents,'
NUREG/CR-5732, ORNL/TM-11861, July 1991.

Bonzon, LL and NA. Lurie, 'Best-Estimate LOCA
Radiation Signature,' NUREG/CR-1237, SAND79-
2143, January 1980.

Boston Insulated Wire & Cable Co., BIW
BOSTRADTM Cables, "Flame and Radiation Resistant
Cables for Nuclear Power Plants," Report No. B910,
May 1975.

Burns, W.G. et al., 'The Radiolysis of Aqueous
Solutions of Caesium Iodide and Caesium lodate,"
AERE-R 13520, ACE-TR-B17, March 1990.

Buxton, G.V. et al., 'Critical Review of Rate
Constants for Reactions of Hydrated Electrons,
Hydrogen Atoms and Hydroxyl Radicals (-OH/-O) in
Aqueous Solution,'*. Phys. Chem. Ref Data, 17:513
(1988).

Clough, R.L, 'Aging Effects on Fire-Retardant
Additives in Organic Material for Nuclear Plant
Applications,' NUREG/CR-2868, SAND82-0485,
August 1982.

Copus, E.R. et al, 'Experimental Results of Core-
Concrete Interactions Using Molten Steel with
Zirconium,' NUREG/CR-4794, SAND86-2638,
July 1990.

Dean, J.A., ed., Lange's Handbook of Chemistry,
McGraw-Hill, New York, 1985.

Deane, A.M. and P.E. Potter, eds., "Proceedings of the
Specialists Workshop on Iodine Chemistry in Reactor
Safety, September 11 and 12, 1985, at AERE, Harwell,
England,' AERE R 11974, January 1986.

Denning, R.S. et al., "Radionuclide Release
Calculations for Selected Severe Accident Scenarios,'
NUREG/CR-4624, BMI-2139, July 1986.

Diffey, H.R. et al., 'Iodine Clean-Up in a Steam
Suppression System," pp. 776-804 in International
Symposium on Fission Product Release and Transport
Under Accident Conditions, CONF-650407, Vol. 2,
April 1965.

Eigen, M. and K. Kustin, "The Kinetics of Halogen
Hydrolysis," J. Am. Chem. Soc., 84:1355 (1962).

Evans, A.G., 'Effect of Alkali Metal Content of
Carbon on Retention of Iodine at High Temperatures'
(M.W. First, ed.), Proceedings of the 13th AEC Air
Cleaning Conference, pp. 743-55, CONF-740807,
Vol. 2, March 1975.

Fabris, HJ. and J.G. Sommer, 'Flame Retardation of
Natural and Synthetic Rubbles,' (W.C. Kurla and
AJ. Papa, eds.) Flame Retardancy of Polymeric
Materials, Vol. 2, Chapter 3, Marcel Dekker, New
York, 1973.

FACT, a copyrighted product of THERMFACT Ltd.,
447 Berwich Ave., Mount-Royal, Quebec, Canada,
H3RIZS, May 1985.

21 21 NUREGJCR-5950



References

Fridemo, L and J.O. Liljenzin, "Produkter Fron
Kabelpyrolys," KKR-841108, G(teborg, 1988.

Gieseke, J.A. et aL, "Radionuclide Release Under
Specific LWR Accident Conditions," BMI-2104,
July 1984.

Hodge, S.A. and M. Petek, "Prevention of BWR
Recriticality as a Late Accident Mitigation Strategy,"
ORNLINRCLTR-91/15, March 15, 1992.

Hewison, R.C. and R.S. Rodliffe, "Transfer of Volatile
Species from a Pool of Water Into Air," CEGB-
TPRD/B/0889/R87, January 1987.

Khair, K.R. and Bejan, A., "Mass Transfer to Natural
Convection Boundary Layer Flow Driven by Heat
Transfer,* J. Heat Transfer, 107:979 (1985).

Liebhafsky, H.A., "The Catalytic Decomposition of
Hydrogen Peroxide by the Iodine-Iodide Couple at
25," J. Am. Chem. Soc., 54:1792 (1932A).

Liebhafsky, H.A., "The Catalytic Decomposition of
Hydrogen Peroxide by the Iodine-Iodide Couple.
II. and III. The Rate of Oxidation in Neutral, and in
Acid, Solution of Hydrogen Peroxide by Iodine,"
J. Am. Chem. Soc., 54:3499 (1932B).

Liljenzin, J.O., ed., "The Influence of Chemistry on
Core-Melt Accidents," Final Report of the NKA
Project, AKTI-150, September 1990.

Lin, C.C., "Chemical Effects of Gamma Radiation on
Iodine in Aqueous Solutions," 1. Inorg. NucL Chem.,
42:1101 (1980).

Mesmer, R.E., C.F. Baes, and F.H. Sweeton, "Acidity
Measurements at Elevated Temperatures. VI. Boric
Acid Equilibria," Inorg. Chem., 11:537 (1972).

Mesmer, R.E. and C.F. Baes, "Phosphoric Acid
Dissociation Equilibria in Aqueous Solutions to
300*C," J. Sob. Chem., 3:307 (1974).

Naritomi, M. et al., "Batch-Type Tests on Formations
of Volatile Iodine Species from Aqueous Iodide
Solutions Under 'Co y-Rays Irradiation, Proc. Third
CSNI Iodine Specialists Meeting, Japan, JAERI-M 92-
012, March 1992.

O'Mara, M.M., "Pyrolysis-Gas Chromatographic
Analysis of Poly (Vinyl Chloride). 11. In Situ
Absorption of HCI During Pyrolysis and Combustion
of PVC," J. Polymer Sci., Part A-4, 9:1387 (1971).

Ostrowski, S.C., "A Guide to the Types, Properties and
Uses of 'Hypalon'," DuPont Company, Wilmington,
Delaware, HP-210.1 (R2), July 1985.

Palmer, D.A., R.W. Ramette, and R.E. Mesmer, "The
Hydrolysis of Iodine: Equilibria at High
Temperatures," 1. Nucl Mater., 130:280 (1985).

Paquette, J. and B.L Ford, "The Radiolysis of Iodine
in Aqueous Solutions Containing Methane," RadiaL
Phys. Chemr, 36:353 (1990).

Rastler, D.M., "Suppression Pool Scrubbing Factors
for Postulated Boiling Water Reactor Accident
Conditions," NEDO-25420, 1981.

Shiraishi, H., H. Okuda, Y. Morinaga, and K. Ishigure,
"Measurement of the Rate of Some Reactions
Relevant to Iodine Chemistry in the Aqueous Phase,"
Proc. Third CSNI Iodine Specialists Meeting, Japan,
JAERI-M 92-012, March 1992.

Siegworth, D.P. and M. Siegler, "Fission-Product
Removal in Suppression Pools," Nuclear Safety
Program Annual Progress Report for Period Ending
December 31, 1970, ORNL-4647, May 1971.

Smith, D.A., -Thermogravimetric Investigations of
Polymer Pyrolysis," Kautschuk und Gummi Kunstoffe,
19:477 (1966).

Stanford, LE. and C.C. Webster, "Energy Suppression
and Fission Product Transport in Pressure-
Suppression Pools," ORNL-TM-3448, April 1972.

Thayer, D.D., D.H. Houston, and N.A. Lurie,
"Updated Best-Estimate LOCA Radiation Signature,"
NUREG/CR-2367, SAND81-7159, August 1981.

Verbanc, J.J., Stabilisation of Specialty Rubbers in
Developments in Polymer Stabilisation-4 (G. Scott, ed.),
Chapter 8, Applied Science Publishers Ltd., London,
1981.

NUREG/CR-295O 222



References

Vikis, A.C., ed., Proceedings of the Second CSNI
Workshop on Iodine Chemistry in Reactor Safety,
AECL-9923, CSNI-149, March 1989.

Washington, K.E. et al., "Reference Manual for the
CONTAIN.1 Code for Containment Severe Accident
Analysis,* NUREG/CR-5715, July 1991.

Wing, J., "Post-Accident Gas Generation from
Radiolysis of Organic Materials," NUREG-1081,
September 1984.

Wren, J.C and C.J. Moore, "The Effect of Weathering
on Charcoal Filter Performance: L. The Adsorption
and Desorption Behavior of Contaminants,' NucL
TechnoL, 94:242 (1991A).

Wren, J.C. and CJ. Moore, whe Effect on Charcoal
Filter Performance: IL The Effect of Contaminants
on the CH3I Removal Efficiency of TEDA Charcoal,'
Nucl TechnoL, 94:252 (1991B).

Yuill, W.A. et al., 'Release of Radioiodine from Open
Pools," IN-1449, Idaho Nuclear Corp., December 1970.

23 23 NUREG/CR-5950





Appendix A. Model for Calculation of pH





Appendix A

The pH model, SOLGASPH.FOR, is based on the
main subroutine of the SOLGASMIX program. This
subroutine obtains the equilibrium distribution of
species by finding the minimum free energy. The pH
model is used to calculate hydrogen ion concentrations
for use in the modeling of radiolytic conversion of
aqueous F to 12 and iodine hydrolysis. In these appli-
cations, it may be said that it is only acidic pH values
that are consistent with iodine as I.. Radiolytic con-
version of I- to 12 does not occur in basic solutions, and

12 in basic solutions is hydrolyzed to 1 and 103. Thus,
a pH of 10.0 compared to 9.5 or even 9.0 is of little
significance. At both pH 10.0 and 9.5, no radiolytic
conversion of I" to 12 will occur, and the hydrolysis of

'2 is very rapid. On the other hand, a pH of 4.0
compared to 4.5 or 5.0 would be quite important with
respect to the chemical forms of iodine. The pH
range of -3.5 to 5.5, depending on total iodine concen-
tration, is the range where the transition of I- to 12

occurs during irradiation.

The species included in the calculation of pH are
listed in Table A.l. The order given in Table Al is
the order that they are indexed in the calculational
routine. In PWR containments where pH control
chemicals are used, borate buffers, phosphate buffers,
or a combination of the two are formed. The direct
calculation of pH in these complex solutions is dif-
ficult because of the low hydrogen ion concentrations
(-100r to I103 M) that are expected in water pools
during severe accidents. In the process of computer
calculation of equilibrium, the contribution of the
hydrogen ion to the total free energy is very small.
For this reason, hydrogen ion concentrations in

borate or phosphate buffer systems are calculated after
the free energy minimization from equilibrium expres-
sions for the borate of phosphate species. A compari-
son of calculated and measured pH values in these
systems, given in Table A.Z shows that this technique
is quite effective In yielding good calculated values of
pH.

Data for the free energies of formation of the borate
and phosphate species were obtained from Mesmer
(1972) and Mesmer (1974), respectively. All other
free energy data were obtained from the FACT system
(FACT, 1985). The free energy data were cast into
the form:

-=GO OVAL + OVAL2 - T, (A-1)
R

where

•°G - the standard free energy of formation,

R = the universal gas constant in energy units
consistent with &GO,

GVAL2 and GVAL2 = constants fit from
tabulated data, and

T - temperature in K.

Activity coefficients for the aqueous ions were
calculated from the Debye-Htlckel expression as
described by Barner (1978).
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Table AI Specks in pH calculation

Ar

H20

CO2

Aqueous solution

H20

H3B0 3

B(OH)4-

NHO 3

H+CO

Solid precpitate

Ca,(PO4)2

CaHPO,

Ca(H,?0 4)2H.0

CaO -B203

CaCQ3

CaO

B2(OH) 7-

H2C0 3

HP0 4-2

H2P0 4-
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Table A.2 Comparison of some measured and calculated pH values

Materials (moumr)

98.4 NaOH, 40.2 H3BO 3, 40.2 H3P0 4

83.7 NaO-, 41.6 H3BO 3, 41.6 HP?0 4

50.76 NaOI, 44.9 H3BO 3, 44.9 H3P0 4

45.5 NaOH, 45.5 H3BO3, 45.5 HP0 4

69.7 NaOH, 43.0 H3BO 3, 43.0 H 3P0 4

50 NaHCO3

20.87 Ca(OH)2

16.7 Ca(OH)2, 10.0 H3P0 4

10.0 Na2B407

10.0 Na2B40 at 368 K

Caculated pH

8.9

7.9

Measured pH Reference for measured value

6.0

5.0

7.0
8.1

12.3

11.6

9.0

8.4

6.0

6.9

7.9

7.8

8.7

9.5

9.0

8.0

6.0

5.0

7.0

8.15

12.26

11.4

9.2

ORNL

ORNL

ORNL

ORNL

ORNL

ORNL

ORNL

ORNL

Handbook of Chemistry and
Py9,sk," and ORNL

Handbook of Chemisty and

ORNL

ORNL

ORNL

Lange's Handbook"

Lange's Handbook"

Lange's Handbook"

55.7 NaOH, 50.0 H3p0 4

79.63 NaOH, 50.0 H3P0 4

96.8 NaOH, 50.0 H3PO4

2.61 NaOH, 50.0 H3BO3

16.3 NaOH, 50.0 H3BO3

40.8 NaOH, 50.0 H3B0 3

6.0

7.0

8.0

7.8

8.8

9.8

I "Hwadbook of OCemiuiy and PFhysk, 66th Edition, R. C. Wheat, Editor, CRC Press, Boca Raton, Florida, 1985.
*LAnge's Handbook of Chaniry, N. A. Lange, Editor, Handbook Publishers, Sandusky, Ohio, 1949.
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The rate of HCI generation can be written as:

R = RYH + Rpta, (B.1)

where R is the total HCi generation rate from y and 6
radiolysis of Hypalon, and RPH and R., are the Ha
generation rates due to gamma and beta radiolysis,
respectively. The units for the rates are g-mols/s.

(MeVis), and r Is the radiation length in containment
air;, given by Wing as r = 2.23 x 103 cm.

The magnitude of S will vary for each containment
cable inventory. It is given by

S =-I -2.261 x,

where I is the total length of cable, and 2.261 is the

cable diameter (Bonzon, 1980).

The total mass of EPR/Hypalon cable insulation is N
lbs, then

From Wing (1984)

y"OH- *" Oc " S * AY (B-2)

where

GH = radiation G value (molecules HC1!100 eV) for
radiolysis of Hypalon,

oxc = gamma radiation energy flux (MeV/cm 2 s) on
the Hypalon surface,

S = total surface area, cm2, of the cables, and

A7H = absorption of gamma radiation energy by
Hypalon.

The 0 value will be 2.115 molecules HCi/100 eV

G0 -2.11 l _ec•5ks I Ma to, cVIODeoV 6.0 = • x ~ 0o*m3ýMs V (.3)
0. - 3.512 x 10- It

I&eV

The gamma radiation energy flux will be given by
(after Wing, 1984)

(1 .: t etotagamm (MeV (B.4)
TC V 3.74 xl10-5  (c29) 1

where E., is the total gamma energy release rate

N lbs • 453.59 f - 4.5359 x 102 N gram
lb

The weighted density of EPR/Hypalon cable is
1.40 gfcm 3 (Wing, 1984).

V e E - 4.5359 x 102 N (g

1.40 (gjcm')
= 3.24 x 102 • N (cm').

(B.5)

This volume of EPR/Hypalon can be equated with the
dimensions of the cable as:

[ (2.261T _(1.458)1=32 4 0P-N
F22)

I - 2.3455 = 3.24 x 102 N, or
I (cm) - 1.38 x 102 • N.

(B.6)

From this,

S = 1.38 x
S = 9.81 x

From Wing,

Then,

102 N 2.261 7, or

102 - N (cm2)
(B.7)

(B.8)
ATY = 1.79 x 10-2.
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RIX - 33512 x 10`0- •S MeV . V
MOV) V

2.1395 x C MV (B.9)

9.81 x 10" - N (cm2) 1.79 x 10-

I = 1.32 x 1 -, . Bto-IN
V

where V is the net free volume of the containment
building (cm3).

The expression for R4 is obtained in a similar
manner. From Wing (1984),

The magnitude of 04•.c is (Wing, 1984)

E*P C Mev

3.96 x 10-2 V (CM 2 3)

and A. is given by:

AP, a- 1.0.

Then Rx.H can be written as:

.3.512 x 10-20 ( M,,A)

(B.11)

R - GH~p.S ApH (B.1o)

SEP V -9.sl x o2 -N (cm2) (B.12)
3.96 x 10-2

Rp.B •aI)8"70 X 1o-16'- NV

The magnitudes of N and V can be obtained from
updated final safety analysis reports.

The definitions of GH and S are as above, and 04,c and
AtL are the beta analogs of (ý,c and A,,,.
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The model is based on the decomposition of H202 by
r and I1 as developed by AbeL This treatment
proceeds as follows: Experimental studies of Abel
(1928) indicate that the reaction of I- with H 20 2 is first

order in (I-) and in (H202). Thus, this process can be
described as rate 1 = k, (I) (H202). At steady state, it
has been proposed that rate 1 is balanced by the rate
of reaction of H20 2 with both HIO and I0r. This rate
is expressed as rate 2 = k2 (H202) (HIO) + k3 (H202)

(MO). By definition at the steady state, rate 1 =

rate 2:

and C.6 may be substituted into Equation C2 to give

K (12) K 1(12)
(H)(I-) (H I U-

-KaH ('2)
(H)(I fkK2 + k (H)j.

(C7)

(C.8)

Rearranging Equation C.8 gives

kt-) (11202) - kI (H202) (1o0)
+ k3 (11602) ((Mo-

(C.1)
M (1) *j.kK,~iHI (C.9)

or

k1 (t 1k, (IO) + k, (10 .

The equilibria

(C.2)

The constants d and e are defined as:

d KIK 2•*, k C Kvk2
k p

(C.10)

then
(c.3)

(+? (11) = d + e (H{*)•

and

HI-HO v H + 0- (C.4)
At 250C, the constants are as follows:

k, = 1.2 x 102 L/mols. s (Liebhafsky, 1932A),

k2 = 3.7 x 101 L/omols. s (Liebhafsky, 1932B),

k3 = (6.6 ± 2.0) x 10? Lmols. s (Shiraishi, 1991),

K1 = 4.77 x 1l1e (Palmer, 1985), and

are quite rapid, so we may substitute for HIO and IO-
as follows:

(O11) = K1
(H)(I)

(C.5)

(i0o = K2 (110)
(H1',)

K2KA (12) , (C.6)

(HY Wf)

K2 = 2.31 x 10P1 (Eigen, 1962).

Thus,

d = 6.05 x 10. * 1.83 x 10.14,

e = 1.47 x 10r.

where K, and K2 are the equilibrium constants for
Equations C3 and C4, respectively. Equations C-5

These data were obtained at 77"F (250 C). The
experimental values were obtained at ambient
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conditions, which would be near 77"F (25° C). There
is some additional experimental evidence that the
conversion of I- to 12 decreases with increasing tem-
perature. Tests of Burns (1990), on irradiation of
1 x 10' g-atom I-/L solutions, gave -45% conversion
to 12 at 86 F (30" C) but -10% conversion at 158 F
(70" C).

A series of tests were run at ORNL at 1980F (92"C).
In these tests, samples were taken by pressurizing the
sample container during irradiation and thereby forc-
ing a portion of the iodine solution up a narrow tube
and into isooctane. With this technique, the sample
was stripped of 12 only a few seconds after it left the
irradiation zone. With initial iodide concentrations of
-1 x 10' g-atom I/L, at pH 4.0, the measured fraction
as 12 was 38.9% and the model calculation gave 72.6%.

At pH 5.0, the measured value was 3.1%, and the cal-
culated value was 17.9%. Thus, the model tends to
overestimate the extent of conversion to 12 at tempera-
tures >86'F (300C). The two equilibrium constants,
K, and K2, can be given for temperatures in excess of
86°1F (300 C), but at this time, there is no good

representation of the rate constants k,, k2, and k3 at
these temperatures; so it is recommended that the
data for 25°C (77°F) be used until such data are
produced.

Table C.1 gives measured values of the fraction of ini-
tial iodide that was converted to 12 on irradiation, as
well as the corresponding calculated values. Of the
four sets of experimental data, the correspondence
between calculated and experimental values is best for
the data of Burns (1990). The worst model fit of
experimental data was at pH 4.4 to 4.5 and an initial
concentration of 1 x 10W g-atom I/L. In one case,
Naritomi (1991) give 2.5% conversion at pH 4.4, and
the calculated value was 18%. In the other case, the
ORNL data give 42% conversion at pH 4.5, and the
calculated value was 13.9%. It appears that the value
of 2.5% at pH 4.4 and the 42% at pH 4.5 are not
compatible with each other and both may be
somewhat in error. At a concentration of 5 x l0rs
g-atom IUL and pH 4.6, Burns (1990) give a value of
-30% conversion to I2, and the calculated value is
almost identical to this at 29.2%. Burns (1990) noted
that concentrations < 10 g-atom I/L gave scattered
results.
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Table C.1 Comparison of model of iodine mdiolys with measred valuea

Conltaton

pH initial F Measured % as I2 Calculated % Comments
g-am - as1

4.6 1 x 10w 43.4 and 46.0 42.6 Burns (1990)
4.6 -5 x l1w -30 29.2 (Data taken from curve in report)

5.6 1 x 104 5.4 and 7.8 1.9
6.6 1 x 10 <0.01 and 0.017 0.021 0.2 M boric acid

3.0 1 x 10& 93.8 91.6 iUn (1980)---pH not buffered and may

5.0 1 x 104 8.0 17.9 have varied during irradiation.

6.6 1 x 104 1.7 0.021 Initial value given-4.5 Mrad/h

4.4 1 x 10w 2.5 18.0 Naritomi (1991)
5.2 1 x 10w 12.3 9.4
5.3 1 x 10s 0.33 and 0.63 0.73
5.8 1 x 10w 0.16 0.08
5.8 1 x 10' 1.2 0.79
6.2 1 x 10s 0.038 and 0.15 0.013
6.2 1 x 104 0.49 0.13
5.7 1 x 10" 0.16 0.13
5.7 1 x 10W 3.7 1.2

4.5 1 x l0a 42.0 13.9 ORNL data-0.37 Mrad/h in 0.2 M

4.7 6.67 x 10" 35.0 29.4 boric acid
4.7 7.0 x 1Ws 34.0 30.2
5.0 2 x 104 18.8 27.8
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Appendix D

D.1 Competitive Reactions of CI and
I with OH Radicals

The initial step in the oxidation of F or Cl- in irra-
diated water will be the reaction of these ions with the
OH radical. When both r and C- are in solution,
there will be a competition between these Ions to react
with OH.

The probability for the reaction of a- with OH is:

ka (cI-
1 +

IGM

1+ k W)
Ga-_- ka (a-)

1+ ka (Q-)

k, W)

(D.4)

(D.5a)

ka (Cd I)
]( (CI-) + kt Wv)

1

+ W)
k, (C-)

(CI)

The probability for the reaction of r with OH is:

-ka(Cil-)Ica(C-I + k0-)
1

I+ ka (cI-)
1 W)

O0H

1 + It 01)
k (CI-)

+ k÷ (I-)
k, (I-)
GOo

(D.5b)

(D.2)

where

Ia = rate constant for C + OH-.,

k, = rate constant for F + OH -, and

( ) = denotes concentration in mol/L

The number of OH radicals that are produced per unit
radiation energy input of 100 eV will be represented
by GOH. Then the number of C- reacted per unit
radiation energy input, Go- will be:

Ga•_
-a;-

ka (C-)
k, (-)

(D.5c)

At 77°F (25°C), ikf = 4.3 x 109, I = 1.1 x 10"0
(Buxton, 1988). From this:

Go- = 3.9 x 10-1 • (CI-)
01- 0-)

(D.6)

Goll

1+ k, (I-)
kc, (CP-)

(D.3)

When the chloride ion concentration is > -2.5 times
the iodine concentration, oxidation of Cr will
predominate over oxidation of L.

D.2 The Gaseous/Aqueous Partition
Coefficient of C 2 and HOCI

Elemental chlorine, Clz formed by reaction of Cl with
water radiolysis products in acid solutions, will
hydrolyze to form HOCI, and it will partition, be
distributed, between the gas phase and the aqueous
phase. Thermochemical data obtained from the FACT

and the corresponding number of I' reacted per unit
radiation energy will be:
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(1985) system have been used to evaluate partitioning
and hydrolysis of C12. It should be noted that iodide
as r in aqueous solution or as deposited on a surface
or in a metal iodide would react with Ci2 or HOCI
either aqueous or gaseous to form Ii:

Co, (aqueous) 22 x
C.. (aqueous)

CB%. (aqueous) -Cc,_ (aqueous),
(D.11)

21- + C12 - 12 + 20- . (D.7)

The partition coefficient for Cl, PC(Cl2) is defined as:

conceniration of C12 in aqueous phase
PQCYc = concentration of Cl2 in gas phase

If it is assumed that Cl2 behaves ideally (activity
coefficient equals one) in both the aqueous and gas
phase, the constant for the equilibrium between C12 in
the gas and in solution may be written as:

ca, (a:ouM) Ca1 (a•eous)
t, S120 X 10-2 - 2 .9 9. ca1 (Ps)

= 6.26 x 10-2.

(D.8)

where as before C%, etc., refer to the concentration in
mol/L This is written as an approximation because all
activity coefficients, even those of the ions, are taken
as unity. The relation given by Equation D.11 is
shown only to indicate that under most circumstances
the concentration of HOCI in solution would be
greater than the concentration of Ca. because CH+
(aqueous) and C.- (aqueous) would both be < 10.2
mol/L

The partition coefficient for HOCI at 770F (250 C),
calculated in the same manner as the partition
coefficient for Cl2, is 33. The volatility of HOC! from
solution is thus intermediate between C12 and I.

D.3 The Effect of Organic Chlorides
on the Formation and Retention
of Organic Iodides

The pyrolysis or radiolysis of cable insulation may
produce hydrocarbon gases as well as HC! (Wing,
1984; Liljenzin, 1990) (also, Section 2.2.5). The co-
occurrence of hydrocarbon gases and chlorine species
could result in the formation of organic chlorides. For
this evaluation, methyl chloride, CH3CI, will represent
all organic chlorides, and methyl iodide, CH3I, will
represent organic iodides.

The reaction of 12 with CH3CI to form CH.I should
not occur because of unfavorable thermodynamics:

where Ce( (aqueous), C% (gas) are the Cl2 concentra-
tions (mo!/L) in the aqueous and gas phases, respec-
tively, and P is the partial pressure of C12.

RearrangingEquation D.8 gives:

PC(C 2) at 250C = c, (aqueous) = 15.ca, (gas) (D.9)

This partition coefficient may be compared to the
partition coefficient for 12 at 770F (250C), 70.8, as
calculated from Equation 15. Thus, Cl2 is much more
volatile from solution than I2.

The hydrolysis of Cl2 may be written as:

CI (aqueous) + H20 v- HOCl + H* + C3-. (D.10)

The equilibrium constant at 770F (250C) may be
rearranged to give:

CIC + 1/212 * CH3 l +12C' . (D.12)

However, a similar reaction of HI with CH3CI could
occur if the ratio,

PCW .PHO-<7 x l1CPPa~ PM
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where P c•, etc. are the partial pressures of the iodine
or chlorine species. Occurrence of this reaction is
based on the postulated gaseous equilibrium:

how radioiodine removal by charcoal filters is effected
by Ha or C12, but it is possible to predict their
interactions with activated charcoal and the
impregnants.

The retention of 12 by activated charcoal has been
described by Evans (1975) in the reaction:

cHli~a+ H + C 141+ Ha . (D.13)

As noted in Section 2.2.2, it is not likely that large
amounts of HI will be in containment.

If the chloride ion concentration in aqueous solutions
is great enough to scavenge OH radicals (see above
Appendix D.1), then reaction of dissolved organic
gases may be suppressed:

12 + 2K + 20H-
2K*+ 21-+ H 2 0 +1t202

(D.16)

C~H4 +OH - CE6 + U60 (D.14)

In this reaction, the potassium ions (K+) and
hydroxide ions (OH-) arise from the natural content of
the material or from impregnants. Coconut charcoal
is valued because of its relatively large inventory of K+
and OHf. Studies of the adsorption of 12 on basic
oxides that were conducted at ORNL found that the
products were iodide (I-) and iodate (IO-) (Beahm,
1990). Evans (1975) admits that iodate may also form
along with iodide on activated charcoal. In the
presence of HCI or C12, we would expect that reaction
D.16 will be superceded by.

This reaction is the initial step in the formation of
CH3I in solution (Paquette, 1990). If scavenging of
OH by Ca- occurs, then CH3 will not be available to
form CH3I by the reaction:

HCI+ K *+OH- -2K *+2C1 - +2 0 (D.17)

CH3 + k2 - MYi~ + I.- (D.15)

or
Thus, a high chloride concentration in solution could
indirectly result in a decrease in the extent of CH3I
formation.

The behavior of CH3Cl in charcoal filter systems
should be similar to the behavior of CH3I. Thus,
CH3Ci would occupy the same type of sites (see
Appendix D.4) and may decrease the capacity for CH 3I

absorption.

D.4The Influence of Gaseous
Chlorine Species on the Capacity
and Retention of Iodine Species
in Filters

Hydrochloric acid or chlorine may affect the capacity
and retention of Iodine species in filters. Containment
filters have activated charcoal that may be impreg-
nated with triethylenediamine (TEDA) and/or an
iodide, such as KI. There are no experimental data on

Ca2 + 2K÷ +2HO" -

2K + + 2Ca- + II20 + 1/202
(D.18)

Reaction D.18 may also have an oxychloride anion
such as CaO; as a product. The result of the
interactions of Ha or Ca2 would be to reduce the
capacity of activated charcoal to absorb iodine.
Radioiodine that is adsorbed may react with Cl2 as
expressed in Equation D.6 to form 12.

Potassium iodide as an impregnant on charcoal
removes radioiodine by isotopic exchange. If C12 is
introduced, the following reaction would occur:

2KI + C1 2 -2KC + 12 . (D.19)

In this case, the 12 released would most likely be
natural iodine with a small fraction as radioiodine.
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However, the ability of this impregnant to remove
radioiodine as 12 would be degraded.

Triethylenediamine (TEDA) impregnant binds methyl
odide (CH3s) in a quaternary ammonium salt:

N(CH'2OL)N + 201, -

IH3CN*(cl1,CH 2),N t!L)21 -

This would prevent the reaction of TEDA with CH3I.
The basic TEDA would prefer to react with the strong
acid HCi. Wren (1991A, 1991B) studied the weather-
ing of TEDA impregnated charcoal by SO.. In a wet
charcoal bed, the SO, most likely deposited on the
charcoal as sulfuric acid H2S0 4. The fraction of CH 3I
released was much higher for the wet charcoal bed
compared to a dry bed under the same SO, loading.
This result was most likely due to the reaction of
sulfuric acid with the basic TEDA. In the case of
HCI, moisture should not be necessary for the
destruction of TEDA because it is already a strong
acid.

(D.20)

Hydrochloric acid would react with TEDA to form
triethylenediamine hydrochloride:

N(cH12cH2)3N + 2HCi -.

[IHN +(CH1cH2 3N 1H1J2C1
(D.21)
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