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Diffusion Coefficients of Molecular lodine in Aqueous Solutions
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The diffusion coefficients of iodine in 0.075 mol dm~3 sulfuric acid have been determined between 298 K
and 358 K, by measuring the limiting reduction currents at a platinum rotating disk electrode. A Stokes—
Einstein relation is verified over the range of temperature studied. The experimental value obtained at
298 K is compared with some available relations for the estimation of diffusion coefficients at infinite

dilution. The agreement is good.

1. Introduction

In the event of a severe accident on a light water nuclear
reactor (LWR), resulting in overheating of the core, the
fission products would be released into the containment
building. Among the fission products, iodine represents a
biological hazard for the environment by reason of the 1311
radioactive isotope. As iodine is a highly reactive and
volatile compound, it is involved in mass transfer from the
liquid phase to the gas phase of the containment vessel.
In order to determine the quantity of iodine present in the
gas phase, it is necessary to know the diffusion coefficient
of iodine in water at several temperatures. This paper
reports the measurement of diffusion coefficients of iodine
in aqueous solutions.

Literature values at 298 K have been determined by
electrochemical means. Kolthoff and Jordan (1953) calcu-
lated a value of 1.11 x 107% cm? s~! for the diffusion
coefficient of 15~ at infinite dilution in 0.1 mol dm—3 HCIO,
from conductance data. As their experimental limiting
reduction current of iodine was not measurably affected
by the presence of 0.1 mol dm~3 potassium iodide, they
conclude that D, = Dy,- Geissler et al. (1966) determined
a value of 0.96 x 107® cm? st in a mixed solution of 0.1
mol dm~3 HCIO4 + 0.4 mol dm~3 KNOj3, with a gallium disk
electrode. Finally, Beran and Bruckenstein (1968a) found,
with a platinum rotating disk electrode, 1.04 x 1075 cm?
s71in 0.1 mol dm=3 HCIO, + 0.4 mol dm—3 NaClO, and
1.07 x 1075 cm? st in 0.1 mol dm~3 HCI + 0.4 mol dm~3
NaC|O4.

An analytical method for the determination of iodine in
aqueous solution is linear sweep voltammetry. In an acid
medium (0.075 mol dm~—3 H,S0O,), iodine yields a wave
corresponding to the reduction of I, to I, between —0.5
and 0.0 V against a saturated mercurous sulfate electrode.
The coefficient of proportionality L, known as the “Levich
coefficient”, which exists between the diffusion limiting
current and the concentration, permits us to obtain the
diffusion coefficient.

In this work we determine the Levich coefficient L
between 298 K and 358 K, in increments of 15 K and derive
the diffusion coefficient from the L values in 0.075 mol
dm=3 H,SO,.

For the reduction or oxidation of an electroactive species
in a supporting electrolyte with a convective-diffusion
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limited process, the limiting current is given by

nFSDC
Lim = Y (1)

where ¢ is the Nernst diffusion layer (cm) across which
mass transport occurs and n is the number of electrons
exchanged during the reaction. Other terms have their
customary meaning: F, the Faraday constant (96 487 C),
S, the electrode area (cm?), D, the diffusion coefficient (cm?
s71), and C, the concentration (mol dm~3).

A forced convective diffusion regime keeps the thickness
0 at a constant value. The empirical relationship (2) was
suggested by Gregory and Riddiford (1956) in order to
define the thickness of the diffusion layer:

1/2
6 =[1.6126 + 0.570480_0'36]861’3(5) )

w is the angular velocity of the electrode, in rad s71, and v,
the solvent kinematic viscosity, in cm2 s71. The Schmidt
number, Sc, is defined as

=Y
Sc—D

Later, Newman (1966) and Kassner (1967) solved the
equation (1) of Levich (1942, 1944) in a more rigorous
manner by taking into account the normal component for
fluid velocity in terms of a series in Sc153,

6 =[1.61173 + 0.48031Sc™ " + 0.23393Sc % +
0.113155¢ YIsc wiw)? (3)

In most cases, neglecting the terms of order /3 and 1
results in an error of less than 5% at 298 K. However, as
the Schmidt number decreases strongly with temperature,
its influence becomes more important at higher tempera-
tures.

The relationship (1) can be written as

Lim = LCo0™? 4)
This expression shows that the determination of the
coefficient L, from which the diffusion coefficient is to be
calculated, can be carried out either with a variable
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Table 1. Composition of the Studied Solutions for 2 L
10“[12)/mol dm~—3 104[KI1])/mol dm—3 104[K103)/mol dm~3

11.956 19.927 4.001
6.003 10.005 2.002
3.997 6.662 1.337
2.000 3.334 0.670

concentration and a fixed rotation rate w or with a variable
rotation rate and a fixed concentration. These two pos-
sibilities are not equivalent with respect to the theory. The
latter, know as the “Levich criterium” is useful to verify
that the limiting current remains mass-transport controlled
as the rotation rate w increases. As iodine is volatile, it is
difficult to maintain a constant concentration of the liquid
solution. Hence, the Levich criterium has been checked
for the anodic oxidation of iodide (Chopin-Dumas) and is
assumed to be valid for the reduction of iodine, owing to
the reversibility of the I,/1- couple. Returning to the iodine
experimentation, the limiting current was determined by
varying the iodine concentration, at constant rotation rate.
In order to establish this concentration, another analytical
method must be used.

In UV—visible spectrophotometry, I, exhibits a charac-
teristic absorption peak, the maximum being located at 460
nm. The Beer—Lambert law (5)

ADbs 50 = 6|2460|C|2 ®)

yields the iodine concentration C,,, by measuring the peak
absorbance Absgg, when the molar absorptivity coefficient
€1,%%0 for iodine at 460 nm and the optical path length | are
introduced.

2. Experimental Procedure

Materials. All the reagents were of analytical grade,
purchased from Prolabo Normapur or Fluka Puris and used
without further purification. The sulfuric acid acted as
supporting electrolyte and also fixed the ionic strength at
approximately 0.1 mol dm=3. Solutions were prepared by
mass (Mettler AE240).

Agueous solutions of iodine were prepared by the Dush-
man reaction (1904), which can be formally written as

51" + 10, + 6H" < 31, + 3H,0

The completion of the reaction is assured owing to its
high equilibrium constant, close to 10%° at 298 K. A
consequent reaction is the formation of triiodide I3~. In
fact, as soon as the iodine is formed, it acts very rapidly
on the iodide to lead to the following equilibrium: 1, + I~
= |3

We have worked with solutions in stoichiometric propor-
tions (excess K103 1%) in order to minimize the formation
of triiodide and also avoid the presence of iodate. This
latter can have a catalytic effect (Beran and Bruckenstein,
1968b) on the reduction wave of the iodine and therefore
render the linearity which exists between the limiting
current and the concentration void. Four mixtures, whose
compositions are given in Table 1, suffice to cover the range
of concentrations from (1072 to 10~4) mol dm~3. The iodine
concentration in solution was diminishing spontaneously
over time due to its transfer to the gas phase. The first
column of Table 1 shows the initial concentration in I,
obtained without considering the iodine loss in the atmo-
sphere. The synthesis of iodine was initiated by adding
the acid.

Dissolved oxygen was not removed from the solutions
because the iodine is volatile and the reduction current for

oxygen is inhibited (Chopin-Dumas) as soon as the metallic
surface of the platinum is covered with absorbed atomic
iodine.

Equipment. The electrochemical cell, with a useful
volume of 50 cm?, was a pear-shaped reactor equipped with
three ground mouths where the electrodes were located.
It was immersed in a temperature-regulated bath, accurate
to 0.2 K. The solution was stirred with a magnetic stirrer.

The rotating electrode (RDE), with a 2 mm diameter
platinum disk (reference EDI from SOLEA), was connected
to a speed controller (10—5000 rpm). The auxiliary elec-
trode was made of platinum wire located in spirals around
the working electrode. A saturated mercurous sulfate
electrode (SME) was used as a reference electrode and was
connected with the solution through a bridge maintained
in thermal balance. All potentials were measured relative
to the SME.

The electrode potential was controlled by a potentiostat
(Princeton Applied Research, Model 273). The sweep rate
was 4 mV s~1. The voltammetric curves were recorded
between —0.7 V and +0.7 V. The surface of the platinum
was initially polished using strips of abrasive paper with
a roughness of (3 and 0.3) um. Then the reproducibility of
the surface state was assured by alternative anodic (toward
more positive potentials) and cathodic recordings in the
same potential interval.

By diverting a fraction of the reactive mixture into a
spectrophotometer cell, we can standardize and follow the
iodine concentration in solution, simultaneously with the
recordings of the limiting current. The advantage of this
analytical method is that the molar absorptivity ¢, which
has been studied extensively (Awtrey and Connick, 1951;
Allen and Keefer, 1955; Daniele, 1960; Burns et al., 1990),
is almost independent of the temperature. The CARY 1
spectrophotometer was equipped with thermostated circu-
lation microcells which have a volume of 18 uL for an
optical path length of 1 cm. The rapid circulation (3.9 cm?
min~1) of the liquid in the cell was ensured by a peristaltic
pump. The base line was obtained using sulfuric acid at
the same concentration as in solution. The absorbance
value, at each wavelength, results from the average of six
measurements, the measurement interval being 0.3 nm.

3. Results and Discussion

Treatment of Data. In order to establish the concen-
tration of iodine and triiodide, equations were used.

Abs o = € 1] + € **[1,7]=746[1,] + 97515 '] (6)

Absgs, = €, *[1,] + ¢, **[1;7] = 18[1,] + 26400]1;7]
@)

Abs,g, = €, *'[1,] + €,_**"[1;7] = 95[I,] + 40000]1;7]
(8)

The values for ¢ are those supplied by Awtrey and
Connick (1951). The solutions for eqs 6 + 7 and 6 + 8
provided very close values, the difference being less than
107 mol dm~3, which can be adjusted by varying ¢,,%%* in
an interval ranging between 18 and 10, in reasonable
agreement with the value of €,,%54. The concentration of I,
and I3~ retained was the average of (6) + (7) and (6) + (8).
The concentration in iodine was always at least 10 times
greater than the concentration of the triiodide.

Figure 1 shows an experimental current—potential curve
obtained which exhibits a reduction limiting current be-
tween —0.5 V and 0.0 V. The raw current at —0.2 VV was
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Figure 1. Anodic recording for a solution of 3 x 10~* mol dm~3
I, at 298 K, in 0.075 mol dm~3 H,S0,.

Table 2. Diffusion Coefficients of Triiodide Depending
on the Viscosities of Solutions

102y/cm?2 s~1

10°D,,-/cm? 571

T/IK (Newson—Riddiford) (Newson—Riddiford)
298 0.874 1.13
303 0.787 1.28
308 0.713 1.42
313 0.649 1.60
318 0.592 1.75
10%v/cm? st 105D, -/cm? s71
T/K (this study) (this study)
298 0.893 1.10
313 0.658 1.56
328 0.511 2.07
343 0.413 2.63
358 0.345 3.22

Table 3. Summary Table of the Linear Regression
between the Current in Microamperes at — 0.2 V vs SME
and the Concentration of lodine at Various
Temperatures

no. of L, with L, without  10% ([12]min — [12]max)/
T/K data [17]2 [157]P mol dm—3
298 49 4673 £ 4 4685 + 4 0.68—10.31
313 41 5997 + 6 6041 + 8 1.14-9.08
328 54 7609 £7 7618 £ 6 0.76—8.60
343 52 9107 £ 11 9194 + 11 0.19-8.24
358 45 11409 + 27 11402 + 16 0.23—8.24

a lim = (L1,[12] + Li; [Is7])@2. ® Lim = Ly,[I]Jo2. L is expressed
in uA mol~! L rad—12 s,

used without taking into account the residual current, as
it has no effect on the results.

Wagner and Traud's theory (1938) suggests that the
limiting current at —0.2 V can be considered as the sum of
the limiting currents due to iodine and triiodide. The
diffusion coefficients of I3~, required to calculate the
triiodide participation in limiting current, have been evalu-
ated from the D,,- values supplied by Newson and Riddiford
(1961) and are stated on the top of Table 2, together with
the kinematic viscosity v of their medium. The empirical
correlation (9) between these D and v values was first
established,

Iog(D,S,) = —1.130 log(v) — 7.272 9)

which fitted all the data with a standard deviation of
+0.9%. Then, our viscosity data, which are those of water,
were substituted into (9) to derive the diffusion coefficients
presented at the bottom of Table 2.

The currents are exploited with and without taking into
account the triiodide present. The L results in Table 3
(column 3) show minor modification, when the triiodide
participation is neglected (column 4), because of the low
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Figure 2. Plot of diffusion limiting currents of I, against
concentration, in 0.075 mol dm=3 H,SO,.

values of the ratio [I37])/[l;]. The angular velocity, w, set
at 2000 rpm, was checked (2008 rpm). Furthermore, the
area of the metallic surface was estimated at (0.0324 +
0.0006) cmZ.

Figure 2 shows that the linear relationship between the
current at —0.2 V and the iodine concentration is confirmed
at each temperature. The coefficient L in Table 3 was
calculated from the slope of a linear least-squares plot of
Lim vs [I2]. The L, values retained in order to calculate D
are those taking into account the triiodide (column 3). The
error limits for L correspond to a confidence level of 95%
with the dispersion increasing with temperature. In the
last column is given the concentration range of iodine used
in the determination of the coefficient L.

Equations 2 and 3 have been used to establish the
diffusion coefficient for 1,, as supplied in columns 3 and 4
of Table 4. These two equations provide similar results
owing to the order of magnitude of the Schmidt number
(657 > Sc > 80). The accuracy of the diffusion coefficient
in column 4 is estimated from the error on L and on the
metallic area of the electrode.

Constancy of (D#/T). Two theories discuss diffusion
in liquids. The hydrodynamic theory (Bird et al., 1960),
which considers the solvent as a stationary environment
and the solute molecule as a rigid sphere, gives, according
to (10), the radius of the molecule depending on a number
of parameters:

KgT (l + 317/,8) (10)

r= 62nD\1 + 27/
with 8 as a friction coefficient,  the solvent dynamic
viscosity, and kg the Boltzmann constant, 1.381 x 10723 J
KL,

When S is considered as infinite—this is the “stick”
model—the classic expression of the Stokes—Einstein equa-
tion is obtained.

_ kgT
r= 6anD

11)

The other limiting case where 8 = 0, named the “slip”
model, leads to the relationship

keT b
"= 4D (12)




Journal of Chemical and Engineering Data, Vol. 42, No. 1, 1997 219

AN

W3 h“'\-\.
Fa i
o T x""-..\
C T

HE | H"'\-\.,\_

h"""\-.\_\_\_\.
L | ""'\-\.,\_\_H
T
e
im 2m Tm am am am 1 10

LN

Figure 3. Logarithm of (Dy,/T) versus inverse temperature, in
0.075 mol dm=3 H,SO,.

Table 4. Diffusion Coefficients of I, Obtained at
Different Temperatures Based on the L Values

103/ 10°D/m? s~1 10°D/m2s~t  10%Dy/T/
T/IK Pas (Gregory—Riddiford) (Newman) (kgms2K™)
298 0.890 1.37 1.36 £ 0.04 4.03
313 0.653 1.84 1.85 + 0.06 3.86
328 0.504 251 2.52 +£0.08 3.87
343 0.404 3.15 3.17 £0.10 3.73
358 0.334 4.30 432 +£0.15 4.03

For uncharged molecules, the experimental results are
in closer agreement with values given by the slip boundary
condition for Stokes law (Alder et al., 1981).

The Eyring theory (Glasstone et al., 1941), based on the
concept of vacant sites in the liquid, is less satisfactory than
the hydrodynamic theory for the calculation of the diffusion
coefficients.

According to (12), the term D#/T, as calculated in column
5 of Table 4, should be constant. Our measurements
provide an average value of Dy/T equal to (3.91 £+ 0.11) x
10715 kg m s72 K~1. The diffusion coefficients recalculated
from this mean value show little difference in comparison
with experimental values. Furthermore, the hydrodynamic
radius based on this average is estimated at 2.81 A, which
agrees with the bond length in the 1—1 molecule of 2.66 A,
as tabulated by Wells, 1984.

Effect of Temperature. The variation of viscosity as a
function of the temperature can be described by the
Andrade (1930) equation:

_c+ E
In(y) = C + ==

(13)
where C and E are parameters. Taking into account (12),
the relationship (14) is expected between the diffusion
coefficient and the temperature:

In(% —A- R—ET (14)

As seen in Figure 3, the variation of D values with
temperature is in good agreement with the model leading
to (14). The experimental constants are A = —11.17 and

E = (14.24 + 0.41) kJ mol~%, which can be used to calculate
D at a fixed temperature.

Comparison with Some Estimates and Some Ex-
perimental Results. Five prediction methods are used
in order to estimate the binary diffusion coefficient D°ag
of A diffusing into B, at infinite dilution of A in B, in cm?
s~1. These estimations, based on the properties of the
solvent and solute, used M as the molecular weight and V
as the molar volume at normal boiling temperature (Vg =
18.7 cm3® mol~! for water and Vo = 71.5 cm3 mol-1 for
iodine).

The correlation (15) is that recommended by Wilke and
Chang (1955):

T

0.6
MsVa

D°ps = 7.4 x 1078 (pM) 2 (15)

¢ is a dimensionless association factor for solvent B. For
water, ¢ is taken as 2.6 by Wilke and Chang (1955), or more
recently as 2.26 by Hayduk and Laudie (1974).

Hayduk and Minhas (1982) suggest (16) for aqueous
solutions:

D°.s = 1.25 x 1073V, %1% — 0.292)TH*%;,*  (16)
with
o =(9.58/V,) — 1.2

Tyn and Calus (1975) recommend formula (17).

V,\ve(Pg\os
D°,, =8.93 x 10°8—=2| [=&] — 17
AB (VBZ) (PA U (17

The parafactor P is defined by P = Vo4, o being the surface
tension (dyn cm™1). The P values are respectively (52.6 and
180.6) cm?3 g4 s12 mol-1 for water and for iodine.

The Nakanishi (1978) method refers to the empirical
parameters denoted by A, I, and S in order to take into
account the interaction between the solvent and the solute.

-8 2.40 x 10 ®A S,V
DCpg = 9.97 x ]i(;’ I B 8VB| T (18)
(1,V,) 1ASAVaA s

with Ag = 2.8 and Sg = 1 for water and I = Sa = 1 for I,.
The Othmer and Thakar (1953) equation gives

_140x10°

o
D°ae L1y 06
U A

(19)

The comparison between experimental and predicted
values is summarized in Table 5. In general, one notes
that all these evaluations underestimate (by approximately
10%) our experimental value of the diffusion coefficient,
except the Nakanishi (1978) evaluation which is also the
best prediction.

The experimental values found in the literature, for
example that of Beran and Bruckenstein (1968a), who

Table 5. Comparison between the Diffusion Coefficient D of I, and Estimations at 298 K2

experimental theory estimations
this study B—-BP slip model W-CH H-M T-C N o-T
10°D/m? s~1 1.36 1.07 131 1.22 1.23 1.10 1.39 1.23
AD%% -21.3 -3.7 —10.0 -9.8 —19.5 +2.5 -9.7

a B—B, Beran—Bruckenstein; W—CH, Wilke—Chang; H—M, Hayduk—Minhas; T—C, Tyn—Calus; N, Nakanishi; O—T, Othmer—Thakar.
b The value of Beran and Bruckenstein (1968a) is an experimental data. ¢ AD is the average error between the measured diffusion coefficient

and other values.
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worked with o variable with a constant concentration of
6.7 x 10~* mol dm=2 for I,, seem to be too low in comparison
with the predictions and with our experimental value. A
plausible explanation is that the true concentration of the
iodine in solution has been overestimated by neglecting the
losses in the gas phase, resulting in underestimation of the
diffusion coefficient of 1,. Another explanation would be a
decrease of the value of the diffusion coefficient in relation
to the addition of salt in a pure acid medium. Experiments
will be performed in the near future to verify this hypoth-
esis of an environmental effect.

The diffusion coefficients of the other iodine compounds
are relatively well-known since a great deal of work has
been done (Newson and Riddiford, 1961; Beilby and Crit-
tenden, 1960; Geissler and Landsberg, 1961; Darrall and
Oldham, 1968; Mills and Lobo, 1989; Spiro and Creeth,
1990). Let ustake D;— =1.99 x 107® m2 s~ (in 0.125 mol
dm~3 H,S0,, Beilby and Crittenden, 1960) and D,,- = 1.13
x 1072 m2s71 (in 0.1 mol dm~3 KI, Newson and Riddiford,
1961). We observed then that D;, = 1.36 x 10™° m?s!is
located between the D values of 1= and I5;~, which is
consistent with the size and molecular weight of the species
considered.

4. Conclusion

The diffusion coefficients of I, have been determined
between 298 and 358 K by potentiostatic voltammetry by
means of a platinum rotating disk electrode using the
Newman equation. The procedure employed (coupling
between the voltammetry and the absorption spectropho-
tometry for the determination of iodine concentration) is
imposed by the volatile nature of iodine. In sulfuric
medium, the values obtained are (1.36 £ 0.04) x 1079 m?
s71at298 K, (1.85 + 0.06) x 10°°m2stat 313 K, (2.52 +
0.08) x 10 m? s~ 1 at 328 K, (3.17 + 0.10) x 102 m?s~!
at 343 K, and (4.32 + 0.15) x 10°°m2s~1 at 358 K. These
data will be useful to improve the modeling of transport
processes in nuclear safety computer codes. The diffusion
coefficients have also been correlated as a function of
temperature. The diffusion coefficient of iodine has often
been replaced for convenience sake by the coefficient of
triiodide because these two compounds are often present
simultaneously in solution. If this approximation only
results in a relative error of 16% at 298 K, it should be
noted that the difference increases with temperature (25%
at 358 K).
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