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Abstract

Iodine removal rates were measured from air-spargri n i t r i c acid

solutions in experiments designed to simulate part of the iodine recovery

system in an advanced fuel reprocessing flowsheet. Variables studied

were temperature, sparge rate, and iodine and acid concentrations. Experimental

mass transfer coefficients were determined and compared to results based

on correlations available in the l i terature.

1. INTRODUCTION

A spent nuclear fuel reprocessing method under development at ORNL

involves n i t r i c acid dissolution of sheared fuel rods. The dissolver solution

w i l l contain dissolved f iss i le material, unreacted acid and fission products,

including iodine. I t is proposed to remove the iodine from the solution by

use of an air sparge. The sparge stream would then be directed to an iodina

oxidation and sol idi f icat ion system. The iodine removal from the acid would

be accomplished in one of several digester tanks operating cyclicly in a

batch mode.

*
Research sponsored by the Division of Nuclear Power Development,
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Corporation.
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In order to obtain basic design data and test the suitability of

currently available mass transfer correlations for the HNCL-U system, a

series of experiments were conducted in which iodine was removed from

nitric acid solutions by the use of an air sprage. The major variables

considered in this study were air flow rate, solution temperature, and

iodine and acid concentrations.

2. APPARATUS AND PROCEDURES

The air sparge experiments were carried out using a Pyrex tank, 18 cm

diam by 27 cm high, containing 4 liters of HN03 solution (Fig. 1). The

tank contained an annul us at the bottom, 3 cm wide by 5 cm deep, in which

was centered a circular sparge ring made of 0.6 cm diam stainless steel

tubing. The tubing contained 18 equally spaced holes, 4 mm-diam, drilled

on the underside of the ring. To remove any contaminants before entering

the sparge ring, the air was first passed through a glass-wool packed column;

then it was dried in a Drierite-packed column. The tank and exit vapor tubes

were heated with electrical tape heaters, and the temperature of the liquid

was measured by a thermocouple located in a well that extended into the tank.

A sampling tube was used to periodically remove samples of the sparged

liquid for analysis. The exit vapor was condensed and collected in a

receiver. The noncondensable gas was vented to an off-gas system after

passing through a hot silver-zeolite trap to remove residual iodine.

Elemental I dissolved in a natural KI-water solution, and HN03 was

prepared to make the 4-liter feed charge. A typical air sparge experiment
131was run by mixing the I-tagged charge with 4 M HNO3 in the simulated

digester tank and bringing the tank to temperature with no air flow. During



this period, the liquid was periodically sampled and analyzed. Three cc

liquid samples were counted using a sodium iodide crystal and a single

131
channel analyzer set on the 364 KeV gamma-ray of 8 day half-life I.

Using a 100 KeV window, the gross count over a two minute period was

corrected for background and this value was used as a measure of the iodine

content of the solution. When the desired temperature was reached, the

air sparge was turned on and sampling was continued. Ten to thirty percent

of the initial iodine charge was evolved during heat-up, depending on the

temperature and the time required to reach that temperature. When the air

flow was initiated, iodine concentration in the tank dropped quickly to nearly

10% of its initial value in about 30 minutes. The release then slowed but

continued during the remaining sparge period.

3. EXPERIMENTAL RESULTS

3 3Experimental runs were conducted at two air flow rates, 3.1 x 10 cm /min

3 3
and 6.2 x 10 cm /min, and three temperatures, 50°C, 75°C, and 90cC.

Initial iodine molarities were from 10~ to 10 and acid molarities varied

from 4 M to 0.001 M HN03. Results of the sparge experiments were plotted as

logarithm of Ip molarity of the sparged solution versus time. During the

early parts of the runs, these plots show the expected linear relation as

predicted by a simple mass transfer model based on liquid film as the

principle resistence to mass transfer. However, as I2 molarity decreased,

each run showed a marked decrease in mass transfer rate which is believed to -

be attributable to a non-volatile iodine species, perhaps organic, which is

formed. In some runs, hydrogen peroxide was added to the solution in tHe

latter stages of the sparging. In every case, this addition proved effective

in removing the residual iodine from the solution.
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3.1 Effect of Iodine Holarity

3 3Two runs at 90°C and 3.1 x 10 son /min sparge rate are compared in

Fig. 2. Run D-ll had an iodine molarity of 6.2 x 10" at the beginning of

the sparge. On the semi logarithmic plot 'of concentration vs time, the

first few minutes show a characteristic linear drop, followed by a tailing

off. Run D-15 had an I2 molarity of 9 x 10"
6 at the beginning of the

sparge. The fraction of iodine removed in both runs was comparable. It

would appear that iodine molarity has no effect on the mass transfer coefficient,

but does affect the amount of nonvolatile iodine which remains in the solution.

Both of these runs were conducted using newly prepared starting solution.

Attempts were made to remove the residual iodine from a solution which was

originally sparged and then stored for several days. These attempts were

unsuccessful.

3.2 Effect of Temperature

Sparge runs at three different temperatures are compared in Fig. 3.
3 3The air flow rate for each run was 3.1 x 10 scm/min. The log plot of

iodine concentration in the sparge tank vs time shows the characteristic

sharp drop during the first few minutes followed by a reduced evolution

rate. The higher the temperature, the more rapid the iodine removal rate.

Even at 50°C, 95% of the iodine is removed after a 2-h sparge.

3.3 Effect of Sparge Rate

The effect of air sparge rate is shown in Fig. 4. Two different runs,

both at 75°C and having approximately the same starting !„ molarity, had
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sparge rates of 3.1 x 10 scm /min and 6.2 x 10 son /min respectively.

The higher air flow rate removed iodine more rapidly, although the total

amount removed in each run was comparable.

3.4 Effect of Nitric Acid Molarity

3 3A series of air sparge runs were made at 75°C with 3.1 x 10 scm /min

air flow at different acid molarities. The initial iodine molarity was

i x 10 for all runs. Acid molarities of 1, 0.1, and 0.05 M all resulted in

iodine being released at a rate comparable to the release rate of runs

using 4 M HNO.,. The total fraction released after 3 h, however, was greater

for the runs with lower acid molarity. When the acid molarity was changed to

0.001 and 0.01 M, no iodine was released by sparging during the 3-h runs. A

final run in this series was made with an acid molarity of 0.025. After 1.5 h

of sparge with no iodine release, the solution was aged for 26 h at an average

temperature of 67°C. At the end of this period, the sparge was resumed. The

iodine immediately began to escape at a rate comparable to the higher molarity

runs conducted earlier.

It is interesting that the amount of the nonvolatile iodine remaining

in solution was found to be lower by a factor of 10 in the low-acid runs as

compared to the 4-M acid runs.

3.5 Effect of Hydrogen Peroxide Additions

In two of the sparge experiments at 90°C, HpOn was added to the sparge -

tank after the iodine release had essentially stopped. Twenty ml of 30%

H2O2 was injected into the tank, and the air sparge was continued. As

shown in Fig. 5, the fraction of iodine remaining in the solution dropped



immediately upon the addition of the hydrogen peroxide. This removal

rate was comparable to that found at the beginning of the experiment.

After 35 min, the fraction of iodine remaining in the solution had dropped

to less than 10% of its value before the H 20 2 addition. Similar results
3 3were also obtained using an air sparge rate of 6.2 x 10 scm /min.

3.6 Nonvolatile Iodine

The fraction of iodine that is not volatile represents a concentration

of about 10 M. Investigators have identified organic compounds of iodine

. CpHgl, C^Hj-I, n-CJ-UI, and n-C,HgI) formed in small amounts, using

reagent grade nitric acid and distilled water. Others have suggested that

in dilute solutions, a reactive form of iodine, such as HOI, reacts with

trace impurities (molecules or colloids) present in the aqueous solution. The

presence of a nonvolatile iodine frsction has been observed in other work

at ORNL.3

Eggleton examined the partition coefficients of elemental iodine and

its hydrolysis products at equilibrium. Using a calculation method suggested

by Parsly, equilibrium concentrations were calculated for HOI, H^OI , and 10.,"

at different temperatures and iodine concentrations in 4 M HN03.

The calculated total amount of these iodine species would account for

only about 10% of the nonvolatile form of iodine observed in these experiments.

Although it is not certain how the small nonvolatile fraction is formed, two

points should be emphasized: (1) radioactive acid solutions resulting from

dissolution of irradiated fuel pellets apparently do not contain appreciable

quantities of the nonvolatile species, and (2) the addition of relatively

small amounts of H , ^ "is effective in volatilizing essentially all of the



iodine in nonradioactive solutions. A radiolysis decomposition product

of water, HpQoj may account for the volatility of part of the iodine in a

radioactive environment.

4. MASS TRANSFER MODEL

A mathematical model for the transfer of iodine from a liquid solution

into a sparge air stream is developed as follows. The rate of change in the

number of moles of I- in solution equals the rate of mass transfer of I 2

from the liquid.

V{jf = -kA(c - c.) , (1)

where

V = total volume of l iquid,

c = iodine concentration in l iquid,

Cj = concentration of Ip at the gas-liquid interface,

A = interfacial area between gas and l iquid, and

k = liquid f i lm mass transfer coefficient.

Assuming negligible gas f i lm resistance to mass transfer and sufficient

gas flow to stay far away from saturation conditions, the interfacial

concentration of iodine may be taken as zero. Thus, Eq. (1) simplifies to

. d i = -k vc = "kac • (2)

where a is the surface area of the bubbles per unit volume of liquid.

Integrating Eq. (2) yields:

(3)In

where

cQ

c

— = -kat ,
C0

-

= concentration

= concentration

at

at

time

time

t =

t.

0,
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The experimental value of ka can be obtained directly from the experimental

data during the first few minutes where In — vs t is linear.
c0

The interfacial area per unit of "liquid volume depends on the size of

the bubbles. Miller gives an expression for orifice Reynolds number which

can be used to estimate bubble size.

N - A A _ (4)
NRe N o V t • W

where
3

Q = gas flow rate, m / s ;

p = l iquid density, kg/mJ;

NQ = number of sparge holes;

dQ = diameter of sparge hole, m; and
2

u = l iquid viscosity, Ns/m .

The orif ice Reynolds numbers in this study range from 10,800 to 39,500.

Leibson found that nominal bubble diameters remained essentially constant

in this range of ori f ice Reynolds numbers for an air-water system. However,

bubbles in this turbulent flow regime become flattened and distorted and

they oscillate as they rise (Fig. 6). The bubble diameter in this range is

about 0.44 cm and is given by the expression:

_ Dfa = 0.28 N"°-05 (5)

where

D, = bubble diameter, in., and

N- = orifice Reynolds number.

The a may be estimated by the expression:

- • («)
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where

U v + U g '

where
3

U = superficial velocity of air , cm/s = air flow, cm /s
9 and cross-sectional area, cm

U = terminal velocity of bubbles, cm/s.

A terminal velocity of 30 cm/s was found by Miller for bubble diameters

in this range in water.

A mass transfer coefficient may be calculated from the following

expression:

where

Pe = Peclet number;

D. = bubble diameter, cm;
p

Dv = diffusivity of solute in solvent, cm/s.

The Peclet number is expressed as:

where

U = terminal bubble velocity, cm/s.

9The dif fusivi ty, D , for dilute solutions may be estimated by

ft



where

i|ig = association parameter;

T - absolute temperature, K;

u = viscosity of solution, cP;

V» - molar volume of solute as liquid at its normal boiling point, cm .

The diffusivity was calculated using as association parameter of 2.6 and

5 5 ?

ranged in value from 2.16 x 10 to 4.3 x 10 cm /s over the temperature

interval of the study. The experimental and calculated mass transfer

coefficients are compared in Table 1.

It is evident from Table 1 that the experimental mass transfer

coefficients are much less than those calculated from Eq. (7). The best

agreement is at 90°C and 3.1 x 10 son /min when the calculated k is about

twice the experimental. In the worst case (50°C, 3.1 x 10 son /min),

the calculated k is about eight times the experimental k.

These results are in many ways similar to those of Miller, who

experimentally determined C02 desorption from water using an air sparge.

His experimental results showed experimental k's ranging from 10 times lower

to 10 times higher than predicted k's. For the bubble size range used in this

study, Miller's experimental k's were approximately one-third of the k's

calculated from Eq. (7).

- The experimental k's in Table 1 show an increase with increasing

temperature between 50°C and 90°C and also show a decrease as air sparge
3 3 3rate is increased from 3.1 x 10 to 6.2 x 10 son /min.

It appears that predicting mass transfer in spargers is far from an

exact science. With no experimental data available, one would be forced to



Table 1. Experimental and calculated values.

Ai r flow

3.1 x 103

50°C

75°C

90°C

6.2 x 103

75°C

90° C

Experimental1"

Is"1)

scm /min

4.8 x 10"*

13.0 x 10**

24.6 x 10~*

scm /min

19 x 10"*

30 x 10~4

fa
a

(cm"1)

0.102

0.204

k
Experimental

(cm/s)

4.7 x 10"3

12.7 x 10"3

24.2 x 10'3

9.3 x 10"3

14.7 x 10"3

Cal

35

43

50

43

50

k
culated
(cm/s)

x 10"3

x 10"3

x 10"3

x 10"3

x iQ"3

Orifice

(NRe x ID"3)

10.8

14.5

19.7

28.9

39.5

x 10°

2.2

3.2

4.3

3.2

4.3

^'Determined from data, c/cn vs time.
b

Calculated from Eq. 6.

^Calculated from Zq. 7.

Calculated from Eq. 4.

Calculated from Eq. 9.
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calculate k from Eq. (7), correct i t a significant amount oy a factor

based on bubble size and Schmidt number as given oy Mil ler, and use this

computed k in design.

Since experimental k's for the particular system in question are now

available, i t is suggested that sparger design might be accomplished using

the procedure as outlined in the next section.

5. laiiK Scale-Up

Using the data obtained in these experiments, i t is possible to

predict the performance of a ful l-size digester .ank. Two hundred and f i f t y

l i te rs of solution are to be sparged at 75°C in a batch process. The

ful l -s ize digester tank, 71 cm diam, is to contain a 13 cm wide annulus at

the bottom in which is located a sparge ring. Maximum air flow is to be

7.1 x 10 son /min to avoid overloading the off-gas system.

The size and number of holes in the sparge ring are chosen to result

in an orif ice Reynolds number at 75°C in the turbulent region where bubble

size is relatively constant, that i s , 10.000 < NR < 50,000. The or i f ice

Reynolds number is plotted against or i f ice diameter in Fig. 7 for two air

flows with 18 and 24 holes in the sparge ring. The mass transfer coefficient,

k, determined from our experiments, is shown on the right ordinate. For
A O

example, i f one chooses 3.5 x 10 son /min flow and 18 holes, an a i r o r i f i ce

diam of 2.5 mm or smaller is required to meet the minimum Han of 10,000.
Ke

Choosing a 1.6 mm diam orifice, the resulting mass transfer coefficient

is 12.5 x 10~ . The calculated a for this flow is 0.067, giving ^ ka of
-48.38 x 10 . Using the expression In c/cQ = -kat, the sparge timo for 90^

removal of the iodine is 46 min. The sparge time at another temperature can
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estimated using the nomograph in Fig. 8. If, using the preceding

example, the time for 90% removal of the iodine is desired at a temperature

of 90°C, calculate a N R e at 90°C (16,800). By drawing a straight line

from the N R e ordinate through 90°C. the line intersects the k ordinate at

25 x 10 . Using this k value and the previously determined value of a,

a sparge time of 23 min is obtained. At 90cC, 90% of the iodine is removed

twice as fast as at 75°C.

SUMMARY

Mass transfer coefficients for removal of t~ from ni t r ic acid solutions

by air sparging were determined. The effects of temperature, air flow rate

and iodine and n i t r i c acid concentration were examined. Mass transfer

coefficients calculated, based on a liquid f i lm resistance model, were found

to be considerably less than predicted using available equations in the

literature. The existence of a nonvolatile iodine-containing species was

also detected at low iodine concentrations.
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Fig. 1. Air sparge experiment.



I—

AIR -t:::
TRAPS

FLOW
METER

HEATERS

n

THERMOCOUPLE

SAMPLE

TANK

JORNL DWG. 7 9 - 7 0 5 6

VOG

CONDENSER

TRAP

RECEIVER

Air Sparge Experiment.



J X

Fig. 2. Effect of molan'ty on iodine release.
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Fig. 3. Effect of temperature on iodine release.
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Fig. 4. Effect of air flow on iodine release.
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Fig- 5. Results of W^Q^ addition.
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3 3Fig. 6. Sparge tank; (a) at air flow of 371 x 10 son /min;

(b) at air flow of 6.2 x 103 scm3/min.
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Fig. 7. Determining ka for different sparge conditions.
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Fig. 8. Nomograph.
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