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ABSTRACT'

.

t

) The literature was revt.:wed to' define the' kinetics for the
reactions that follow dissolution of-a molecular iodine source

| into water. Rate constants and rate expressions that had been
determined for iodine reactions at temperatures below 60*C were

j extrapolated by various procedures to 125'C. Thus, a kinetic

model was developed, and computer program IRATE was written to
calculate the concentrations of aqueous 1; dine species as a'

.

function of time. The concentrations of the significant iodine

i species in aqueous solutions were calculated as a function of
,

9 s for six concentrations of total iodine thattime to 10
spanned the 10-9 to 10~3 g-atom /L range at 25, 60, 100, and
125'C, and with eight pH conditions that spanned the 3 to 11
range. Corresponding partition coefficients were calculated
for selected conditions, with the assumption that only the 12

~

.

and HOI species are' volatile. The results are presented in'

|
the form of 35 figures, which contain a total of 93 plots.
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PP_EDICTED RATES OF FORMATION OF IODINE HYDROLYSIS SPECIES AT pH
LEVELS, CONCENTRATIONS, AND TEMPERATURES ANTICIPATED

,

IN LWR ACCIDENTS'
*

J. T. Belli .
M. H. Lietzke'

D. A. Palmer

1. INTRODUCTION
,

In a previous report,1 we reviewed the fundamental equilibrium chem-
istry of iodine hydrolysis and assessed that chemistry with respect to
the conditions in light water reactor (UWR) accidents. The discussion
included:

1. general information about iodine,
2. chemical conditions in an UWR accident,

3. reactions of iodine species in and with water,

4. the equilibrium distribution of iodine species in aqueous solu-
tion when the iodine source is molecular iodine,

5, equilibrium partitioning of iodine species between the aqueous
system and its vapor,

6. a qualitative consideration of organic iodides.-
'

The initial study did not consider the rates of the iodine reactions,.

namely, the species distribution before equilibrium is attained or the
preequilibrium liquid-vapor distribution of iodine species. In the

,

present study, we calculated the concentrations of the iodine species in
aqueous solutions, and the associated partition coefficients, as a func-
tion of time for total iodine concentrations of 10-9 to 10-3 g-atom /L at'

temperatures of 25 to 125*C over the pH range of 4 to 11. The effects of
,

initial iodide in retarding the 1 -H O reactions were also determined.2 2
Chemical reactions such as radiolysis, photolysis, and redox reactions'

with impurities have not yet been included in the kinetic model.

Kinetic data for the iodine reactions were obtained from the litera-'

ture, but no data were found for reactions above 60*C. The rate
constants for higher temperatures were extrapolated by using an Arrhenius
expression which was based on limited temperature-dependent rate and
thermodynamic data presented in the earlier report.1

2. THE CHEMICAL MODEL

.

The dynamic behavior of iodine in aqueous media under chemical con-
) ditions likely i, be encountered in UWR accidents is adequately described'

by the following set of equations:

i

k

.

, _ . _ - - - _ , _ , . ., - - - _ , _ , . - . , - _ . . , . _ _ _ , _ . _ . - . _ _ _ _ , - , . . . - - . _ , , - -
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2

12 +.H O HOI + l + H+ , (1)2
k_t

*

k20,k21,
10 + 21- ' + 3H+ , (2)3H01 ,

3
k-2

k3
41 + O2 + 4H+ --* 212 + 2H O , '(3)2

; k4

2 + l~ sI~> (4)1 3
"k_g

K5
HOI y H+ + OI , (5);

'

4
H 0 M H+ + OH . (6)2

The effects of radiation and contaminants are not included in this model.
Only the reactions related to hydrolysis and to atmospheric oxygen are .

included.

2
] Eigen and Kustin measured the rate of relaxation of the rapid -

equilibration of reaction (1) using the temperature-jump method and'

* obtained a value for k_t at 20*C and an ionic strength of 0.1. They
assigned a third-order dependence to this " reverse" reaction step, then

! calculated the rate constant for the " forward" reaction from the
expression

"

= K k_t (7); kt i ,

!

where K1 is the equilibrium constant for Eq. (1). That study represents;

i the only experimental kinetic data availab;e for Eq. (1) at the present

i time; hence these results have been used exclusively in our kinetic
model. However, the assignment of a third-order rate constant to

| k_t remains open to criticism, and preliminary experiments at the Oak
Ridge National laboratory (ORNL) indicate that the reaction may be con-
siderably faster than reported by Eigen and Kustin.2 Furthermore,

,

because this reaction is so rapid (i.e., complete within <1 s), no
' attempt has been made here to estimate the likely temperature dependence

of k1 or k_1 The kinetics of the analogous reaction of I , which is a3 .

| combination of reactions (1)and (4),
t

.

k8'
1 + H O ,k-8 HOI + 21 + H+ , (8)3 2

i

|

|

- . _ _ - _ _ . -- - . . _ . . - - , - __ - - . .- - , -.
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i

'

- are unknown. Thus, in the presence of relatively high concentrations of
iodine.and added iodide, where the 1 ~ species may dominate initially,3

j
-

the distribution of all the iodine species as predicted by the model*

,

[ during the lattial few seconds of reaction time may also be questioned.
!

*

! Although HOI is thermodynamica11y unstable with respect to reduction
i to 12 and 02 in water, the kinetics of this reaction are apparently very

slow and undocumented. Therefore, this reaction was not. included in the

; current model.

| All of the rate laws proposed previously to describe the formation
i of iodate shown in Eq. (2) involve second-order rate constants. The most

3recent study favors a two-term rate law of the form
j

-d[H01]
=k20[H01]2 + k21[H01][01-] .- (9)

'

dt

$ The kinetic measurements supporting the assignment of Eq. (9) are sparse.
Only five ' complete experiments were carried out; however, they encom-

; passed the_most crucial pH range of 6 to 10. Moreover, the authors were
j able to fit the earlier results of Li and White,4 who condacted sorc
| exhaustive meaurements at pH levels of 13 and 14. Therefore, the rate

law presented in Eq. (9) has been used, for the most part, in-the present,

: model. Nevertheless, the previous rate law proposed by Li and White,"-

Rate of todate formation = k20 [01-]2 + k21[01-]2[1-]/[0H-] , (10).

cannot be completely discounted at this time. It has been used in the
model on a number of occasions for comparison purposes.5

Because of the lack of experimental information on the temperature
i dependence of either k20 or k21, an activation energy of 107 kJ moi-1

(25.5 kcal mol-1) for this reaction was estimated from the known activa-
tion energy of the reverse reaction 6 and the overall f ree energy change -

[
. for reaction (2) was calculated from the energies of formation of the'

individual species.

4 The rate of the red,x reaction between iodate and iodide represented
by the reverse reaction in Eq. (2) was most recently shown? to involve a
fif th-order rate conatant, k-2, in acidic solution. This assignment has
been confirmed from experiments conducted at ORNL.6 Therefore, the

; following rate law may be written:

Rate of disappearance of iodate = k-2 [IO -][I~]2 [H+]2 (11)3 ,

|.

The rate constant (k ) for the oxidation of iodide, Eq. (3), was3
'

determined by Sigalla and Herbo,8 who established the following rate law '

*

i for this process:

'
,

-w , ,i~ .- -,.-f,9-= %= -- -,,-,,-iyw-w-----+-- ---r,- --,3 --e ---2e m%y ~-----ww-,=----,-4--i4- ry,--w.-3-+,- ew . .%-~.
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Rate of iodide oxidation = k [1-][0 ][H+} + (12)3 2

The concentration of oxygen in solution was calculated by assuming that -

the solution was thoroughly mixed and in equilibrium with the atmosphere,
and that Henry's law was obeyed under these conditions. No attempt was .

made to estimate the temperature depende"ce of this reaction.

The rate of reaction of 12 with 1 as shown in Eq. (4) is very rapid
and likely to be controlled by dif fusion. Temperature-jump experiments
have indicated that this reaction is certainly complete within the dead

time of the instrument (~2 us). Tharefore, the lower limit for the half-
life of reaction (4) was set at 0.2 us, corresponding to a kg value of

s -1 2 to be <1010lo g-1 3 The maximum value of kg was suggested3x
NFl -1 for a diffusion-controlled reaction. The value of k_q was calcu-s
lated from the equation

k _q = kg/Kg (13),

where Kg is the equilibrium constant for Eq. (4).

II -]3 (14)Kg = .

[I }ll l2

The equilibrium constants for Eqs. (4),9-14 (5),15 and (6)16 are

included in the model as the temperature-dependent expressions

3727.86/T - 11.6326 + 0.0192212 T , (15)in Kg =

log K5 = 2800.48 + 0.7335 T - 80670./T - 1115.1 (log T) , (16)

7510 /T2 - 3.984 x 10 /T3log K6 = -4.093 - 3245.2/T + 2.2362 x

5 2+ (13.9 57 - 1262.3/T + 8.5641 x 10 /T ) log D, , (17)

where D represents the density of water at the saturation vapor pressureg
l7of water given by

D, = 1.00017 - 2.36582 x 10-5 t - 4.77122 x 10-6 t2

3+ 8.27411 x 10-9 t (18),

and where T and t represent the temperature in K and "C, respectively.

T = t + 273.15 . (19)

The temperature dependence of K , the equilibrium constant for the5| '

dissociation of H01, has not been experimentally determined. In the

absence of this information, it has been assumed that the temperature
follows that for the dissociation of HOBr.18dependence of K5
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Values of the pertinent rate and equilibrium constants at ambient
conditions as used in our kinetic model are shown in Table 1.

.

In view of the foregoing discussion, we have chosen to model the
kinetics of iodine hydrolysis using the following. set of dif ferential-

equations:

[H+][1-] - k%[I ]II"] ed[I ]/dt = -kg[1 ] + k_t (I-][H01][H+]-+ 0.5 kp3 22 2
(20)

d[1-]/dt = k [I ] - k.g[I-][H01][H+] + (2/3)k2 0[H01]2i 2

+ (2/3)k21[H01] [01-] - 2k-2 [10 -][1-]2 [H+]23

p3[H+][I-] - k4[1 ][1-] , (21)-k 2

d[ HOI]/dt = k [1 ] - k.t [1-][H01][H+] - k2 0[H01]21 2

-k21[ HOI] [01-] + 3k-2 [IO -] [1-]2 [H+]2 (22)3 ,

'

d[IO -]/dt = (1/3)k20[H01]2 + (1/3)k21 [H01] [01-]3

- k-2 [10 -] [I-]2 [g+)2 (23)3 ,

d[I -]/dt = kq[I ][I-] - k_g[I -] + kp3 [H+] [1-] . (24)3 2 3

.

These equations do not necessarily correspond to the stoichiometry
of the chemical equatione (1)-(6) because they were derived from experi-
mental observations of the rates of change of the concentrations of indi-
vidual species involved.

(20), (21)p3 [H+][1-], which occurs on the right-hand side of
The term k

,

, and (24), accounts for the oxidation of I in solution byEqs.
The complete term would be k [H+][0 ][I-], where thedissolved oxygen.

10* M' s-1, 2as reported by3

rate constant k3 has a value of 3.475 x
Sigalla and Herbo.8 If we assume that Henry's law is obeyed by the
dissolved oxygen and that the solution is in equilibrium with the oxygen
of the atmosphere at all times, then the concentration of oxygen in
solution remains at 2.69 x 10-4 M. Hence k [0 ] may be replaced by3 2
kp3 with a value of 9.35 x 10-8 Tf s-l.l

Note that under the original experimental conditions used to deter-
mine k3 the iodide concentration was sufficiently high to ensure that all
the iodine generated was immediately converted to 1 . Although 1 is3 3
not a major constituent under the conditions bracketed by our calcula-,

tions, the lact term in Eq. (24) is included to preserve the overall
validity of the model.

.

l
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Table 1. Values of rate and equilibrium constants used in the
kinetic model at ambient conditions

.

Constant Temperature Value Re ference *

'C

ka 20 3 s-1 2l

k_t 20 4.4 x 1012yp2 -ls 2

k20 25 250 M,-l -1 3s

k21 25 120 [[-l -1 3s

k-2 25 3x 108 1[4 s1 7
-

k3 25 3.475 x 10-4 p[2 -1 8s

s Estimatedbkg 25 3x 106 yp1 -1

k_g 25 4x 103 -1 EstimatedDs

Kg 25 736 9-15

K5 25 2.3 x 10-11 16
-

K6 25 1.006 x 10-14 17
,

aThe value of kg was calculated by Eigen and Kustin,2 who assumed

that Ki = 6.8 x 10-13 !@ .
bAt press time, the authors found experimental values for kg and

k_g . These rate constants were reported [D. H. Turner, G. W. Flynn,
a Chem. Soc. 94, 1554 (1972)] to be

0 [nd J. V. Beitz, J. Am.
N. Sutin

1 -1 and 8.5 x 106 s at 25'C, respectively, both of which6.2 x 10 1! s
are three orders of magnitude greater than the estimated values used in
the calculations. The use of the experimental values will not signifi-
cantly change the calculated results presented in this report.

.

.

!
I

l
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The set of dif ferential equations [Eqs. (20) through (24)] repre-
senting the rates of formation and disappearance of the various species
encountered in the hydrolysis of iodine was solved numerically using com-*

puter program 1 RATE (see Appendix) to yield the concentrations of each
species as a function of time. The calculations were performed over the-

pH range 4 to 11 at 25'C with initial 12 concentrations of 10-3 to

10-7 and 10-9 M; and at pH levels of 5, 7, and 9 at 60,100 and 125'C
with initial 12 concentrations of 10-4, 10-5, 10-7, and 10-5 M. The

results are presented in Figs. 1-29 in Sect. 5.

The first method used in solving the dif ferential equations involved
a variable-step, fourth-order Runge-Kutta integration scheme.19 With
this method we were able, under some conditions, to calculate the con-
centrations of the various hydrolytic species of iodine aa a function of
time over periods extending to several months without using an exorbitant
amount of computing time (e.g., no more than a few minutes per run).
However, in some cases, especially at the lower pH values and the lower
temperatures, the calculations became very time-consuming, requiring as
much as 15 min of computer time to extend the calculations out to 100 s.
Such behavior, which is encountered when one solves dif ferential
equations using a forward difference scheme such as Runge-Kutta, may be
attributed to the property of "stif fness" inherent in the set of dif-
ferential equations under a certain range of conditions. In kinetic

calculations, stif fness may arise when some variables change on time
scales very different from others. This is the case with iodine hydroly-*

sis. When stif fness is encountered, a method such as Runge-Kutta, which
is satisfactory for "nonstiff" problems, becomes inefticient (as in our
experience) .

differential equations, we adopted a modified Gear method g our set of
After encountering the problem of stiffness in solvin

2 based on a
backward difference scheme which uses a Jacobian matrix for solving the
set of nonlinear equations obtained in the expansion of the differential
e quations. This method proved to be very efficient for solving our set
of differential equations under any conditions of temperature, pH, and

total concentration of iodine. Hence we used it (see computer program
1 RATE in Appendix) to extend all the calculations to ~30 years, with a
time expenditure of only a few seconds of computer time per run.

3. PARTITION COEFFICIENTS

lThe previous report presented partition coefficients between the
aqueous and gaseous phases for iodine systems at equilibrium without the
influence of radiation or contamination. It was shown that in aqueous

systems simulating UWR accident conditions of temperature, concentration,
pH, and large volumes of water, an iodine source as 12 would react and

,

f orm nonvolatile species. Also considered was a " hypothetical" iodine
solution in which only the hydrolysis reaction took place (i.e., no

|

!

I

|

!
,
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lodate was formed). The calculated pseudoequilibrium partition coef-
ficients obtained for this case were labeled as the lowest possible

iodine partition coefficients. Thus, a nonequilibrium solution of iodine ,

will exhibit partition coef ficients between those of the two above
e xt remes. .

The partition coef ficient for an individual iodine species is
defined as the ratio of the concentration of that species in the liquid

phase to its concentration in the vapor phase. The volatility of this

species, then, is the reciprocal of this coefficient. Likewise, the

overall partition coefficient for an aqueous iodine system is represented
by the ratio of the sum of the aqueous-phase concentrations to the gas-
phase concentrations. Then, for a system free of organic materials and
with HOI and 12 as volatile species, the iodine partition coefficient,
PC, is

I[1]a , Il la + [IO la + II la + [H01]a + II }a + [01~]a3 3 2
(25),

E lll [H01]g + [I }gg 2

and it is obvious that the t=ciprocals of these partition coef ficients
would be aqueous iodine volatility coefficients.

The overall partition coef ficients were calculated from the indivi-
dual partition coef ficients for HOI and I2 and from the concentrations of
all the iodine species in the aqueous phase. The equilibrium between the
phases was assumed to be instantaneous; furthermore, the amount of iodine
transferred between phasec was presumed to be insignificant compared with

21the total. Eggleton concluded that good partition coefficients for
12 were 83 and 9.1 for 25 and 100*C, respectively, and that the coef-
ficient for HOI at 25'C should be several thousand. However,

22Kabat suggested that a more conservative value of a few hundred should
be used for HOI. We have selected three values, 400, 1000, and 5000, for
estimates of the partition coefficient of H0I at 25'C and have taken the
corresponding estimates of coefficients for H01 at 100*C to be 40, 100,
and 500, or values that are lower by about the same factor as those for

l1. The previous report included aqueous iodine equilibrium partition2
coefficients with the HOI partition coefficient conservatively assumed to
be a factor of 2 greater than that for 12 (i.e., 186 and 19.2 at 25 and
100*C, respectively). We now believe that the real HOI partition coef-
ficient at 25'c will be no less than 400 and may be as large as several

thousand.

Plots of the calculated partition coefficients vs time are presented
in Figs. 30-35 (in Sect. 5) for solutions with total iodine con-
centrations of 10-5, 10-7, and 10-9 M at pH levels of 5, 7, and 9, and
temperatures of 25 and 100*C. Each figure shows how total partition
coefficients change with time for a given total iodine concentration at
the three pH conditions and the two temperatures. At high pH levels (low

acid concentrations), reactions (1) and (2) proceed readily toward for-
mation of the ionic products; thus, a high pH decreases the effective
iodine volatility and, in turn, increases the partition coefficients.

.
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4. SUMMARY AND CONCLUSIONS
|
i

The following conclusions can be drawn from the results obtained in
this study:-

1. Increasing the pH of an iodine solution (10-9 up to 10-3
g-atom /L) to 7 or higher markedly increases the reaction rates to form
iodide and todate (Figs. 1--16) . Indeed, pH appears to be the most impor-

|tant variable in determining not only the equilibrium speciation of
iodine, but also the rate at which equilibrium is attained. -Thus, any
effort to increase the pH of iodine-contaminated water resulting from a
nuclear accident would be rewarded by the stabilizapion of iodine in the
form of the nonvolatile species, iodide and iodate; more importantly, it
would ensure an increase in the rate at which this final species distri-
bution is attained.

2. As expected, the rate of disproportionation of iodine increases
with increasing temperature (Figs. 17-29). Moreover, as illustrated by

the equilibrium model, the concentration of HOI relative to the initial
iodine concentration also increases with temperature, as does the con- j
eentration of 01, although this latter species has only a minor role in
the pH range of interest to UWR accident chemistry. However, the kinetic

model demonstrates that HOI is more short-lived at higher temperatures
' and represents less of a potential threat to the environment for much

shorter times under these conditions.

As a by product of this investigation, one can now establish the
experimental conditions and tha time frame that H31 may be an observable
species in solution, thereby facilitating its characterization and the
measurement of its properties.

3. Decreasing the initial concentration of iodine also tends to
i slow the overall rate of reaction to form iodate and iodide and to

increase the relative importance of HOI in solution. However, the actual
amounts of the two volatile species, 12 and HOI, also decrease. . In fact,
the total iodine concentration in cases where HOI becomes a relatively
major species is so low as to render HOI virtually innocuous. This
conclusion leads to another point, namely, that la order to determine
partition coefficients for HOI at very low concentrations of initial

(< 10-7 M) one would have to obtain extremely pure water (which was12
not already contaminated with equivalent concentrations of iodide).
F urthe rmore , the methods of detection become insensitive at these lower
limits. Even the use of radioisotopes of iodine to determine partition

coefficients introduces unknown levels of stable iodide.
.

4. Equation (3) was introduced into the model for the sake of
completeness. However, despite the fact that the oxygen concentration4 .

was considered to exist at its maximum level (i.e., the solution is in

equilibrium with the air at all times and fully saturated with oxygen),

!

c

. _ . --
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this reaction had no apparent effect on the iodide concentration over the
simulated reaction time of ~32 years.

.

Other .important processes that have not yet been incorporated into !

the model include radiolysis, photolysis, and catalysis (e.g., redox~

-

reactions with other impurities in the containment wa ). However,
these processes were not considered at this time becai ,e they are very-
complex and involve a number of site-specific assumptions.

.

5. Recent measurements of the rate of disproportionation of 12 to
form HOI and I , Eq. (1), indicate that this reaction may be orders of
magnitude faster than was previously reported. However, until these

2 will be used in theresults are confirmed, the data of Eigen and Kustin
current model. Moreover, this reaction is so fast that it can be con-

; sidered virtually insta caneous in any application to nuclear accident
scenarios. For this reason, no attempt was made in the model to estimate4

the temperature dependence of this reaction.

i
? 6. A number of reactions need to be reinvestigated. Most impor-

tantly, the rate law for the formation of iodate and iodide in Eq. (2)
'

must be established unequivocally. It should be noted that the currently
accepted rate law of Thomas et al.3 was obtained from a limited number ofj

experiments at pH values >7. Although the agreement between the values
for the equilibrium concentrations of the major species, iodide and

l for the -

iodate, obtained by the kinetic model and the equilibrium model
same experimental conditions is quite adequate at pH >7, it becomes

,

progressively less satisfactory at lower pH values; in particular, the -

,

! concentrations of iodine predicted by both models vary considerably under
'

these conditions. The equilibrium concentrations of iodide and todate
calculated from the kinetic model are generally larger than those derived
from the equilibrium model, while the concentrations of the remaining
species are smaller. These differences can be reduced by assuming a
smaller value for k20 (the k20 term in Eq. (9) overwhelms the k21 term in;

: the low pH region). It is interesting to note that the value of
'

! k20 reported by Li and White" is only 0.05 M-1 -1 (cf. 250 M-1 -1 in
' -

s s
Table 1) and gives better agreement between the equilibrium and kinetic
models, even though their constant strictly pertains to the 01 ion and
there is no evidence that HOI and 01 are equally reactive with respect
to disproportionation. In any event, the results obtained from the kine-*

I tic model using a rate law cdapted from that of Li and White" (who con-
ducted their experiments in the pH range of 13 to 14) are very compatible
with the results presented in this report at pH >9. However, the two
sets of data diverge markedly as the pH is decreased below 9.

7. Finally, once the rate law for the production of iodate,
Eq. (9), is definitely defined, the temperature and ionic strength depen- .

dencies of the resulting rate constants need to be measured.

.

|
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5. RESULTS OF CALCULATIONS-

.

The results of the calculations made in this study are presented in

the form of plots of the concentrations of iodine species as a functionf

,

of time (Figs. 1-29) and plots of iodine partition coefficients as a,

f unction of time (Figs. 30-35). The conditions used in making these

calculations are discussed in Sects. 2 and 3.

Figures 1-16 are arranged in consecutive pairs (i.e. , Figs. I and 2
face each other, Figs. 3. and 4 face each other, etc.) so that the reader
is provided with a continuity of concentration range for each pli level.

,
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Fig. 30. Log-log plots of iodine partition coefficients vs time when
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The individual partition coefficient for the 12 species was assumed to be 83, while
three estimates for HOI, 400, 1000, and 5000, were used.

. . . . - . - . - _ -. .



ORNL DWG 82-270

9
I I I I I I I | |

8 - y
PC og 7g

A 400 / s

/ /7 -

B 1000
8 y y/.,_

$ C 5000 7
'G / ,

iZ 6 -

/)'/ N
_/

b A
8 pH = 9 . / 7

5 -

/ c A*,

b pH = 7 / /
t-

cr 4 -

/
_____

/ / >y
/ ./.

_ w
&

/ / pH = 5', 99o , - - - - - - - - - - -

03 - _ _ _ _ _ _ _ _ _ __ k / , .:# _

#
,

#
, , _ . .

. . :n=# IT = 10-7,

2 T = 25'C -
1 min ih i d

I I I l l ! | L Ig

-1 0 1 2 3 4 5 6 7 8 9

LOG TIME (s)

Fig. 31. Iog-log plots of iodine partition coefficients vs time when
10-7 g-atom /L of 12 equilibrates in water at 25"C with pH values of 5, 7, and 9.
The individual partition coefficient for the I2 species was assumed to be 83, while
three estimates for HOI, 400, 1000, and 5000, were used.
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Fig. 32. log-log plots of iodine partition caefficies.:s vs time when
10-9 g-atom /L of 12 equilibrates in water at 25'C with pH values of 5, 7, and 9.
The individual partition coefficient for the 12 species was assumed to be 83, while
three estimates for HOI, 400, 1000, and 5000, were used.
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Fig. 33. Log-log plots of iodine partition coefficients vs time when
10-5 g-atom /L of I2 equilibrates in water at 100'C with pH values of 5, 7, and 9.
The individual partition coefficient for the I2 Species was assumed to be 9.1, while
three estimates for HOI, 40, 100, and 500, were used.
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Fig. 34. Log-log plots of iodine partition coefficients vs time when
10-7 g-atom /L of 12 equilibrates in water at 100*C with pH values of 5, 7, and 9.
The individual partition coefficient for the 12 species was assumed to be 9.1, while

,

three estimates for HOI, 40, 100, and 500, were used.
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Fig. 35. Log-log plots of iodine partition coefficients va time when
10-9 100*C with pH values of 5, 7, and 9. The individual partition coefficient for
the 12 species was assumed to be 9.1, while three estimates for HOI, 40, 100, and
500, were used.
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6. APPENDIX: COMPUTER PROGRAM 1 RATE

.

A listing of the FORTRAN program that simultaneously calculates the
concentrations of six iodine species at each time interval following the

.

hydrolysis of molecular iodine is given here. All the variables are

input on the first two cards according to the format shown in Table A-1.
These are followed in each case by 13 cards related to the plotting
subroutine and are described below. A blank card following the last case

terminates the calculations.

Definitions for the KIPLOT subroutine are as follows:

Third card: title of the plot

Fourth card: XHIN -- time value at the origin on the x-axis

DEX - length in inches of each logarithm decade
MAX - fit:al time value
YMIN - concentration value at the origin on the y-axis

DEY - length in inches of each logarithm decade
YMAX - maximum concentration value

Fifth card: XLEG - distance in inches of the lef t-hand side of
the legend box from the origin along the x-axis

YLEG - distance in inches from the bottom of the legend
box fron the origin along the y-axis

XILEG - width in inches of the legend box.

XLEN - maximum length of title in inches

~

The format for the fourth and fifth cards pertaining to the plotting
subroutine is.also given in Table A-1. The remaining ten cards contain
the DISSPLA code for the iodine species shown in the legends on the
figures. More details of this code and the DISSPLA package, in general,
are available in DISSPLA Manual, Volume 1.

The contents of the various cards can be summarized as follows:

Card No. Content

1-2 Variables

3-5 KIPLOT subroutine
6-15 DISSPLA code
16 Blank

.

5
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Table A-1. Input data

* '
Card ' Pb. Field Variable Format

'la 1-10 RK1 E10.0
11-20 RKM1 E10.0
21-30 RK20 E10.0
31-40 RK21 E10.0
41-50 RKM2 E10.0
51-60 RKM3 E10.0
61-70 RKP4 E10.0

2b 1-10 PH E10.0.
11-20 EM0 E10.0
21-30 N 110 '
31-40 TC E10.0

aThe variables r1 presented by RK1 through RKP4
correspond.to the rate constants kg, k_1, k20, k21

k.2, K-3, and kEKE0I, and EKW,p4, respectively.
The variables EKI3,

which are included in the program,
,

refer to the equilibrium constants K s K , and K ,3 2 w
,

respectively.

bThe remaining input variables (on card 2) c :e -

defined as follows:

.

PH - pH of the solution,
EHO - the initial iodine concentration,
N - number of timesteps to be calculated,
TC - temperature in degrees Celsius.

.
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C KINETICS OF IODINE PTCRCLYSIS
IMPLICIT KEAL*B(k-H,0-E)
DIPENSICN T (10) ,YI (10) ,YN (10) , Y P (10) , YO (10) , YN NN ( 150,10) ,

I K1 (10) , K2 ( 10) , K 3 ( 10) , R 4 (10) ,K5 (10) , F (10) , E (10) ,F 1 (10) ,IP A s tB00) , La-

2B (10) ,ITIM E (15 0)
DIMENSICN ATOL (10) , B WC RK (9 2) ,Iv0 R K (2 5)
EITER4A1 Ft1,JEI*

COMM04 /D/ BK1,RKP1.PR20,RR21,RKM2,ERI),EKHOI,FKW,PM,HCON,
15 K3,5 K n 3, RK Pa, rTI M E,Y N N N ,1C

C
PC RO I *. (Y) =10. * * (4 22 0. 4 6/Y- 10. 2 54 6+ C. 0 25 83* Y)
FCH012 (Y) = 10.* * (a 22 0. 4 6/ Y- 18. 8 561+ 0. C25 83 * Y)
PCHOI 3 (Y) = 1 C.= * (s 22 0. 4 6/ Y- 18.157 7 +0. C 258 3 * Y)

C
C R ATE CCNST ANTS ARE, PRI LID BKM1 FCR THE RE ACTION 12 + H2O = HOI + I- + H+

C RATE CCNSTANTS ARF, RF2C, 9K21 AND RE92 FOR THE RE A CTION ,

C 3 HOI = 103- + II- + lH+
C
C

50 READ 1, B R 1,0 K11, B R2 0, R K 21, BKM 2, R E M ?, R 9P J
1 FOR9 AT go g to,03

IF (PK 1 .EQ. 0.) CALL FIIT
C
C
C PH = PB 0F THE SCLUTICA
C EMO = T9E I4ITIAL CCMCEdTRATICN CF ICDINE
C
C

RE AC 2,PH,EPJ,9,TC,EMPC
2 F0PMAff2E10.0,11C,2?tc.O

C
C
C EKI3 * EQUILIFRIUM CC4SIAIT FOR THE REACTION, I2 + I- = I3-

.

C PKHCI * ECUILIERICM CONST ANT FOR THE RE ACTICW, HOI = P+ + OI-

C EKU = ECUILIBFIO* CC4ST ANT FCR THE PE ACTICW, H2O = H + + OH-
C

.

C
TK=TC+273.15
I F (TC. BE. 2 5.) R K 21 = 0.
R K M 2= 1. 47 35100 3/T K + 2. 2 2 5 3 C + 4. 4 2 % 9 2 D- 0 2 * TK
RF P2 =C EIP (B E P2)
E K ROI= 10. * * (20 00. 4 9 + 0.7 315 +TK-8067 0. /T K-1115.1 *D LOG 1C (I K) )

- CW = 1.0 0017- 2. 3 6 8 9 2D- 05 +TC-4.7 712 2 D-0 6 *TC* * 2 + A. 27 411 D-09 *TC * * 3
EK v= 10. 0* * (-4. 099-124 * . 2/T F +2. 216 2D+ 0 5/T R* * 2-3.9 8 4 D + 07/TK * * 3 + (13. 9

157- 12 6 2. 2/T F + 9.56 410 + CS/T F * * 2) * CLOG 10 (D W) )
E K I3 = D E IP (37 27. 8 6/TK- 11. 6 3 26+ 0.019 2212* TK)
IF (TC.GT.112.)GO TO 1111
PCI 2= 10. * * ( 4 22 C.4 6/TF - 19.9 9 05 + 0. 0 25 8 3 *T F)
GC TO 1112

1111 PCI2= 1 C.* * (5 615.4 0/T K-2 5.1190 + C. C 299 C*TF)
1112 CCRTINDE

RR3=RRI3*RKn3
Y(1)=EM0
to 10 I=2,10

10 f (I) = 0.00
1 (2) = E M 40

8
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is=rRc
-cuN = 1C ** (-PR)
PRINT 6,PN,TC

6 PORM AT (1H1,10I,'P M = ' C P?5.1,10Y, 'YEM F. = ' F 6.1,' CEC. C'), -

4EC=5
T=0.D0
YCUT=1.5-4 *

ITOL=2
PTOL=1.D-4
ATOL ( 1) = 1. D- 12
ATOL(2)=1.D-8
ATO L (3) = 1. D- 12
ATOL (4) = 1. D-8
ATOL (5 ) = 1. D- 12
ITASKs1

*

ISTATF=1
10PT=C
IRW=92
LIW=25
MF=21
EPINT 5

5 FO R M AT (1HO ,41, 'TI M!' ,9 K ,' I 2 ' ,8 I, ' IO DID E ', R I, 'H OI ' ,71, ' IO C A T E' ,5 I,
1 'TPII0 TIDE ' ,2I, ' H Y PCI CDIT E ',31, ' I-E A L A N CE ' ,3 I, 'PC (1) ',5K , ' PC (2) ',5
21,' FC ( 3) ' ,)
CO 3 I= 1,7

3 Yo (I) = Y (I)
YO (1) = 2.DO * T (1)
70 (7) = 2.D0 * T (7) + Y (2)
PPINT 4,7, tTC (I) ,I= 1,10)

4 PORM AT (180,1PE 11. 3,7E 12.3,3E10.2)'
30 4 0 ICU*= 1,N

C%L L LSCDE (FEY, NgC, Y, T, TOOT,ITO L,ET0I, ATOL,IT A SK, IST AT E,ICPT, RRORK
I,IRW,It0RK,IIS,JEY,MP)

.

to 11 I = 1, 5

11 Y N (I) = Y (I)
f R (6) = E FROI *Y N ( 3) / (MCC N + 1E ROI)
Y A (7) =Y N (1) +0. 5 * (YN (2) +YN (3) + Y N (41 )

.

C
C CONYERSICN TO GATCM/L Ff CM 90LES/L
C

3C1 70 (1) = YN (1) * 2. t0
10 (7) = YN (2)
Yo (3) = (YN (3)-Y N (6))
YO (4) = YN (4)
Yo (5) =Y N (5) *3. 0t0
Yo (6) =Y u (6)
Yo (7) = TN (7) *2. 20
L=p
Do 123 F=1,3
IF (K. FC.1) PCF= FCRCI1 (1K)
IF (K. F C.2) P C P= PCHOY 2 (T R)
IF (K.E C.3) PCF=PCHOI 3 g Y N)
Yo (L) = YO (7) / (YC (1) /PC I2 *Yo l3) /PCF)
L=1+1

123 CONTINUE
DO 42 J=1,6

.
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IF (YO (J) .LT.0.) TC (J) = 1.D-40
42 CONTINCE

200 PRIET 4, TOUT (YC (I) ,I= 1,10)

ITIME(ICOT)= TOUT=

Tr=DLCG10(TOOT).
DFC=TF+0.2
TOUT =10.**Ctc*

to 2 02 J=1,6
202 YNEN (ICOT,J) =YC (J)

IFi! STATE .IT. 0) GO TO 80
40 CONTINUE

FRINT 60,IV0PR (11),It0RR (12),IUCPR (13)
60 FORMATl/12H RO. STEPS =,14,11H RO. F-S =,I4,11M NC. J-S =,I4)

C ALL RIFLOT (6,5)
GO TO SC

555 STOP
80 FRINT 90,IStaTI
90 FORMATf///22E FPROR HALT.. IST ATE =,I3)

STOP
FED

.
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SOBBCUTINE Fft (W IO.T , Y , Y D CT)
IMPLYCIT 9E 41* E ( A-H,0-7)
COMROM /D/ 8K1,RKR1,3820,RR21,RKM2,ERI3,t*ROI,EKW,PM,HCON,
15K3,9KM3,3KP4,ITIME,YNNE,YC *

DIMP NSICN Y (10) , Y DOT ( 10) , to (10) , YT 19 f (150) ,Y NN N (150,10)
YPOT (1) =-R K 18Y (1) *BKM 1*Y (2) *Y (3) *PCCN

1*RKP4*HCON*Y(2) *

YDCT (2) =RK 1*Y t11-PKM1 *Y t2) *Y ( 3) * PCON
1 *2./3. *RK20* (Y (31-YC (61 ) * * 2*2. /3. *RK21* (Y (31 -Yo (6 )) * Yo (6)
2-2. * PK M 2 * Y ( 4) * Y (2) * * 2 * PCO N * *2
1-R KP 4 * HCO N *Y (2)

YDOT (3) =R K 1* Y (11 -f RP 18 Y t 2) *Y ( 3) * HCCN
1-RK20 * (Y (3)-YO (6) ) * *2-ER21 * (Y (31-YO(6)) * TO (6)
2 * 3.* R E M 2 *T (4) * Y (2) * * 2 8 MCO N '*2

YDOT (4) = 1./ 3.* PK2 0* (Y (3)-Yc (6) ) * * 2 + 1./3.* R K21* (Y ( 3) -Yo (6) ) * Yo (6)
1-RKM2* Y (4) * Y (2) ** 2* 9CCN * * 2
Y DOT (5) =R K 3 * T ( 1) * 1 (2) - R R 9 3 *Y ( 5)
RETURN
END

1

a
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SUBROUTINE Jf t (NFC,T, Y,P L, MO, PD, N BPD)
IMPLICIY P E Al* 8 ( A-P,0-2)i

l CCM MON /D/ PK1,3K M1,8 K 20,P B21,R R B2,ERI3,EK HCI, EKW,PM,HCON ,
1 R K 3, R E E 3, R E F 4, IYI M =, Y N N N , Y 0*

UIRENSION Y (10) ,PD (NR f D,5) ,Yo (10) ,IYIM E (15 0) ,Y NN N (1 ? 0,10)
F D (1,1) =-R K 1r

* PD (1,2) =BKM 1*Y (3) *MCO N
1+RKP4* ECON
E D (1,3) =RK 91*f (2) *PCO N
FD (2,1) =PK 1
PD (2,2) =-R K R 1* Y (3) *MC C N-4. *RK M2 * Y (4) * f t2) * PCON ** 2

1-REP 4* ECON
ED (2,3) =-R K s 1* Y (2) * MCC N + 4. /3. * RK 20 * (f (31-Yc (6) ) + 2./3. * aK 21* f 0 (6)
FD (2,4) =- 2. *R K R 2* Y (2) * *2 *MCON * *2
PD (3,1) =P K 1
ID (3,2) =-BE N1*T (3) * HCCN *6. *FK M 2*T (4) *f (2) *HCCN **2
PD (3,3) =-R K P l*Y (2) *RCCN-2. *PK 2 0* (Y (3)-YC (6))-R R21 *T C (6)'

P D (3,4) = 3. * R KM 2* f (2) * * 2 *RCCN* * 2
FD (4,2) =-2. * PK M 2* T (4) * T [2) * WCO N* * 2
PD (4,3) = 2./3.* PR2 0* (f (31 - TC (61 ) + 1./3. * P K21 * f 0 (6)
ED(4,4)=-pKM2+1(2)**2*nCON**2
FD (5,1) =RK 3 *Y (2)
PD ($,2) =RK 3*T (1)
P C (5,5) =-R K M 3
5ETUPN
IND

.
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$UEBCOTINE KIPLOT IMEIP,NN)
' IMPLICIT BEAL *8 (A-M,0-Y)
INTEGFR*4 IEIT L E ( 20)
BEAL *4 I AR (150), Y AR (150) ,IIAP (10) ,YY A B (10) *

DIPE NS ION Y (10) ,YI(10) ,YN (10) ,YP (10) , YO (10) ,YN NN (150,10) ,
1K 1 (10) ,K2 ( 10) , s3 (10) , s t (10),K 5 (10) ,7 (10), E (10) ,F 1 (10), t P A K tS00) ,L4
2 B (10) ,ITIM E (150) '

COM MO N /D/ 5 K 1, B K M 1, P K 2 0, P K 21,8K E 2, E R I 3, E R RCI, EK W ,P R , HCO N ,
19 K 3, R R R 3,R K P 4, ITI PE, Y 5 B B, YC
CATA IN PT,IO UTPT,IPUNCB /5,6,7/
DATA KCONT /0/,IEIC/- 1/
IF (KCU NT.NE.C) GO TO 1C
CALL DSFPLT
C ALL PGDPL(IEEG)
CALL NCERLR
CALL N CCHE R
C ALL P AGE (22.,10. ?)
KCONT=KCONT-IBIG

10 CONTINUF
CAIL PHYSOB (2. 5,1.1)
CALL SCPPLY
CALL HEIGHT !0. 25)
CALL B AS ALF (' L/C ST D ' )
CALL M1IALF (' ST A ND A R E')
CALL MI4ALF (' I NST R D ' , ' > ')
BE A D (I N PT,20 00) (I BITL t (K) ,8= 1,201
R E A D (I N PT,1001) IMIN,CEI,3NAI,YRIN DEY,YMAI
R E AD (IN PT,1000) ILEG,YLEG,IILEG,ILEN
LM AI=LI4EST (TP AK,800, ec)

2000 FORMAT (2) A4)
CALL TITL? (IBITLE,1CC,' TIME ( () SEC () ) $ ' ,10 0, ' $ ',

1100,1L 2 5,7. 5)
CALL M ESS AG ('M IN S',3,5. 29,0.1) .

CALL MESSAGl'RR$',2,7.29,0.1)
C ALL M ESS AG l'D AY S ',3, E. (0, C.1)
C ALL MESS AG ('YR $' ,2,11. 26,0.1) .

CALL ICG10G (I RI N , D EI, Y 9 I N ,D E Y)
YLE=YLEC+1.35
11G=ILEG+0.2
IL E= Y L EG +III BG
IPN=FLCAT(NEXP)
YYLEG=YLEG-0.552*IPN+C.7
C ALL BLNK1 (ILEG,IL E,YYLEG,YLE,2)
LALL PESET ('B INK 1')
IL=5.27
IDL=9.4C
YL=0.0
YDL=0.38
C1LL BLNK4 (IL,ICL,YL, f DL,0)
ILL=11.21
ID LL = 11.77
C ALL BLNK2 (ILL,IDLL,Y t,YDL,0)
C A LL B LNK3 (0.0,20.0,0,0,- 1.0,0)

.
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to 20 Jm1,NEIP
DG 3C I=1,NN

11 Y A R (I) = f 5 N N (I, J)
24P(I)=ITIRE(I)*

IF (J.5E.1) CC TO 30
I A P (1) =I AR (3)

*

I AR (2) =I AR (3)
30 CONTINCE

I AP (N N + 1) = II EG + 0.1
I A P (N N + 1) =IRIN *10.0 * * (I AR (RN+ 1)/ DEI)
Y AR (N N + 1) = Y t BG -0. 59 2 *J + 1.0 5
Y AP (N N +1) = YMIN * 10.0 * * lY A R (EN+ ll/DET)
II A R (J) =I A R (NN + 1) -
YY AR (J) =T A R (NN + 1)
C ALL EINR1 (I1G,ILE,YYIEG,TLE,0)
IF (J.EO.1) MAE=7
IF (J. E C. 2) 549=1
IF (J.EC.3) MA332
IF (J.FO.4) PAR =5
IF !J.!C.5) 048=4
Tr (J.EC.6) pan =6
CALL MADEEB (PA 5)
CALL CUAYF (I A P,71R ,4 8,91)
R E AD (IN PT,20 00) (IDIT L F (N) ,5= 1,20)
CALL BEERT ('BLNK1')
iST0=tIEJ-0.552+J+0.9
Istu=IL EGe 0. 36
CALL LINRS(IIITL E,IP A R,1)
CALL LS*0Ef s7P4 8,1 ISTC,TSTO)
CALL BINR1(Its,rLE,TYI!G,YLE,0)

20 CONTINUE
CA LL RESET ('BL9K1')
CO 50 J=1,NEIP.

I AR (1) =II AR (J)
Y A R (1) =YY AR (4
IF (J. E C.1) RA9=7.

?T 'J.EQ.2) PAR =1
ty f J.EC.3) M45=2

It (J. R C. 8 ) MAR =5
IF (J.EC.5) MA8=4
IF (J.EQ.6) MAP =6
CAIL MABRER(MAR)
CALL COBYE (I AP,T AR ,1,- 1)

50 CONTINUE
CALL ANGLE (90.)
C ALL M ESS A G ('CONCENTR ATIC N G ATOM /t',21,-1,1.5)
CALL SESET (' AN GLE')
CALL C09E(LAB,40)
EPIT E (IN PT,40)

40 FOPM AT ( '(LEGENE) l')
EPITR (6,20 01) L AB

2C01 FORMAT (10A4)

.
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YtG=IIG-0.1 sr . ,

,

g , ' t. /
g ,# *r

) /)YLF=YLF-0.4
C ALL LYBES (L AB,IP AK,1) V, . )', t . 1

CALL LSYORY (IP AE.1,ILG,YLE) % ' -*

CALL RESETt'EL8K3')g '

C ALL B f SET (' ELNR4 ') '
CALL BESET ('EL4K2 ') *

YYMIB=YPI4*C.8
CALL PLVEC (60, YY9IN,6C,YMI5,2201)
CALL RLTEC (3600, YYRIN,M00,YMIN,2201) 'a )-

CALL REVEC (864 0C, YYRIV,864C0,Y9IN,2201) '

CALL RLYEC (3.15D07,YY pJs,3.15007,YMIN,2201)
CALL FBA9E

'

CALL FNDPL (1) ' h''
1C00 F099 AT (8F10.4) I

,

1001 FORM AT i f 10. 0, F 10. 4,2I f 04 0, F 10. 4, E 10. f t
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