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ABSTRACT 

Several commercial activated carbons, marketed for iodine 
removal in reactor off-gas cleanup systems, were evaluated for 
iodine penetration at elevated temperatures (4 hr at 180°C), and 
the penetration data varied widely. Subsequent chemical analysis 
of the samples indicated a strong correlation between the atom 
ratio of iodine to potassium (11K) in the carbon and the hig~
temperature performance data. Carbons containing excess iod~ne 
(11K >1) performed consistently poorer than carbons with excess 
potassium (11K <1). Excess alkalinity (as indicated by a high 
pH of a water extract of carbon) was also shown to be required 
for efficient iodine retention. Improved iodine retention was 
Obtained for three carbons (coconut, coal, and petroleum base) 
with proper adjustment of the I and K content and the pH of the 
carbon in laboratory impregnations. 

Iodine penetration tests were also performed on several 
carbons in an intense gamma radiation field (>10 7 rads/hr). Test 
data show that carbons intentionally exposed to high concentrations 
of OOP aerosol performed as well as unexposed carbons. 

Studies of the rate of evaporation of elemental iodine from 
aqueous sOlutions indicated that significant quantities of 12 
might be expected to become airborne within a short period of 
time (5 hr) after release to open ponds. Addition of sodium 
thiosulfate to the solution substantially reduced the evaporative 
loss of iodine; however, the effects of high-intensity radiation 
fields on iodine-thiosulfate solutions remain to be evaluated. 

Small HEPA filters containing filter media of the type used 
in the Savannah River confinement system were exposed to reactor 
building air and a high-intensity radiation field. Following 
this exposure, they were tested for flow performance under 
simulated accident conditions. Radiation exposure slightly im
paired the performance of new filters and improved the performance 
of service-aged filters. Service aging effects on filter per
formance were far more significant than radiation effects. 
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CONFINEMENT OF AIRBORNE RADIOACTIVITY 

Progress Report: January - December 1974 

INTRODUCTION 

The airborne activity confinement systems for the Savannah 
River production reactors are designed to collect halogens and 
particulates that might be released in the highly unlikely event 
of a reactor accident. I A continuing program is in progress at 
the Savannah River Laboratory to evaluate the performance of the 
confinement system (each reactor has an identical system) for 
removing airborne radioactivity under accident conditions and to 
develop techniques to enhance the reliability and efficiency of 
the system. 

Previous studies at Savannah River showed that the unimpreg
nated Type 416 carbon (product of Sarnebey-Cheney Company, Col
umbus, Ohio) used for many years in the system retained iodine 
less effectively than many types of impregnated carbons when 
exposed to an intense radiation field such as: that which could 
result from the accumulation of radioiOdine following a major 
reactor accident. A series of screening tests were conducted to 
aid in the selection of a suitable replacement carbon; the tests 
showed that coconut-shell carbons impregnated with triethylene
diamine (rEDA) or a combination of rEDA and Kt were the most 
effective adsorbers for iodine in the Savannah River confinement 
systems. 2,4 

Subsequent testing at Savannah RiverS confirmed the earlier 
observations of Adams, et al. 6 that in carbons with high rEDA 
content ignition temperatures are reduced significantly as the 
result of the fairly low (~190oC) flash point of rEDA. Savannah 
River studies showed, however, that carbons with reduced rEDA 
content and satisfactory ignition temperature and iodine retention 
properties could be manufactured. 7 A 1% rEDA - 2% KI product 
(product of North American Carbon Company, Columbus, Ohio) is 
currently being installed in the Savannah River confinement 
system. 

With the selection of a suitable replacement carbon for the 
confinement system,7 research efforts were directed toward 
explaining the anomalous thermal ,desorption behavior of iodine 
from various commercial iodized carbons. In the earlier screen
ing tests,2,3 similar iodized ca~bons (nominally 5% KI-I2 on 
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lSOO-m2/g coconut carbon) exhibited highly variable results when 
tested for thermal desorption at 180·C (penetration values ranged 
from 0.023% to 12.8% in a 4-hr test). The extremes in pene
tration values were obtained from two different lots of carbon 
from the same vendor. Investigation revealed that the principal 
factors in retention behavior were the iodine and potassium con
tent of the carbon (especially the atom ratio I/K) and the pH of 
the carbon. a 

Previous particulate filter stuqies have shown that HEPA 
filter media deteriorates when expos~d to hi~h-intensity radiation 
or normal service in the confinement system. In prelimina~y 
tests. the relative decrease in two media properties. water' 
repellency and tensile strength. was measured as functions olf 
radiation exposure time and service age. Loss of water repellency 
and tensile strength in irradiated media is caused by radiolytic 
decomposition of binder and waterproofing agents. Loss of water 
repellency in media exposed to normal service is caused by accumu
lation of hygroscopic atmospheric pollutants (soot and dust) on 
the media. 

In this report. test filters constructed from several 
different types of media and sealants were tested under simulated 
accident conditions to determine HEPA filter degradation follow
ing radiation and service exposure. : Potential effects of degraded 
filter performance on overall confinement system performance were 
evaluated to provide bases for optimum filter operation and 
specifications for purchase of repla~ement filters. 

CARBON TESTING 

Radiolytic Desorption Tests 

lOP-Loaded Carbons 

'At the request of the ERDA Division of Waste Management and 
Transportation. several samples of carbon both exposed and unex
posed to dioctylphthalate (OOP) aerosol were tested for iodine 
penetration in the radiolytic desorption facility. The purpose 
of the tests was to determine the effect of DOP aerosol penetra
tion of HEPA filters during in-place efficiency tests on iodine 
retention efficiency of carbon beds downstream of the HEPA filter 
banks. 

Two types of commercial nuclear-grade coconut carbons were 
exposed to a flowing air stream containing DOP aerosol at the 
Naval Weapons Laborator1 in Dahlgren. Virginia (2 hr exposure of 
a 2-in.-dia. by l-in.-deep bed to a DOP concentration of 100 ~g/l 
at a face velocity of 40 ft/min). Measurements of the DOP 

t. 
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concentration downstream of the carbon beds indicated a maximum 
carbon loading of O.S mg DOP / g carbon. After DOP exposure, the 
carbon samples and unexposed blank samples were tested for iodine 
retention efficiency. 

Two series of samples were prepared and tested. In the 
first batch of samples, the iodine penetration of carbons 
exposed to DOP was significantly lower than that of the unexposed 
control samples. 

Subsequent retesting of another sample of the control carbons 
showed that the unexposed controls were contaminated by an un
identified organic compound which caused the unusually high pene
tration. Purging the carbon with air during the DOP exposure 
period apparently desorbed the organic contaminant, thus 
improving the carbon performance in spite of the presence of DOP 
in the purge gas. 

A second series of samples was then prepared using two new 
lots of carbon which were pretested before DOP exposure. Results 
of tests of the second sample series (Table 1) indicated that 
DOP aerosol has no effect on iodine retention efficiency. 

TABLE 1 

Iodine Penetration of Second DOP Sample Seriesa 

DOP E>:posul'e Base Carbon, % TEDA-KI Carbon, 

None (control) 0.358 0.020 
0.5 mg/i 0.342 0.030 

None (other c 0.338 to 0.372 0.018 to 0.034 
carbons range ) 

a. 1 hr loading time followed by 4 hr desorption time 
at 80'C and 95% relative humidity in a radiation 
field of ~2.7 x 10' rad/hr (absorbed dose rate in 
carbon). Total 1. loading of ~0.7 mg/g. 

b. See text for exposure conditions. 

c. Range of values obtained during other SRL test of 
different lots of the same carbon types which were 
not exposed to OOP aerosol. 
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The DOP concentration to which the test carbons were exposed 
is estimated to be at least 1000 times higher than that which 
would be encountered in normal operations (the required 99.9+% 
HEPA filter efficiency would reduce the aerosol concentration 
by at least 1000-fold). Thus, this is a conservative test of the 
effect of DOP aerosol on new carbons. The long-term effects of DOP 
vapor on carbon (from slow volatilization of DOP trapped on up
stream HEPA filters) and the effects of DOP aerosol on service
aged carbons were not tested. 

Two important conclusions can be drawn from this experiment. 
First, DOP aerosol has no apparent effect on the iodine retention 
efficiency of carbon (the iodine penetration values Obtained ~rom 
DOP-exposed carbons were well within the range of values obtai\ned 
from unexposed carbons). Second, other organic compounds can at 
least temporarily affect iodine retention. Thus, precautions 
should be taken to minimize the amount of organic vapors in the 
air being filtered by the carbon beds. In some cases, this may 
mean minimizing the .. use of organic sol vents in the process areas 
of the reactor building (in Savannah River reactors, all of the 
reactor building air is exhausted through the carbon beds in the 
confinement system). Future investigations shOUld include identi
fication of specific organic compounds which affect iodine reten
tion efficiency and exclusion of these compounds (if possible) 
from reactor building use. 

Serviae-Aged Carbons 

Service aging studies are being conducted on carbon exposed 
to reactor building air in full-sized beds in the confinement 
system and on small samples installed in the carbon test facility. 3,7 

Carbons which have been service aged in the confinement system 
include Types 416* (unimpregnated), G-6lS** (5% TEDA impregnated), 

** . ** Q. G-6l5 (2% TEDA-2% KI lmpregnated), and GX-176 (l~ TEDA, 2% KI 
impregnated). All full sized beds of Types G-6lS and G-6l5 were 
removed from the confinement system after only 9 months service 
aging because of the risk of TEDA ignition. s Lower TEDA-content 
Type GX-176 carbon was installed in the confinement system in 
April 1974. Changeover from Type 416 to Type GX-176 carbon was 
complete in S of the IS compartments by the end of 1974. One 
bed of Type GX-176 was removed from the confinement system after 
6 months service and tested for iodine retention. 

* Product of Barnebey-Cheney Company, Columbus, Ohio. 
** Products of North Amer~can Carbon Company, Columbus, Ohio. 

t. 
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Smaller samples of 5 different types of carbon were installed 
in the carbon test facility (CTF) when it began operation in 
February 1974. Eight samples of each type of carbon (40 total 
samples, each containing ~250 g of carbon) are being exposed to 
reactor building air in the CTF. Ten of the 40 sample positions 
are being exposed at superficial face velocities approximately 
1.25 times the normal velocity (69 vs 55 ft/min) to obtain 
accelerated aging data. The remaining 30 sample positions receive 
air at the normal face velocity. The 5 carbon types (all 10 x 16-
mesh coconut carbons) are: 1) an unimpregnated carbon (a blank to 
be compared with aging data obtained from Type 416 carbon), 2) 
a carbon impregnated with 1% TEDA and 2% KI (Type GX-176) , 3) a 
carbon containing 0.5% TEDA and 2% KI, 4) a carbon containing 2% 
TEDA and 2% KI (similar to Type G-6l5 except for the particle size 
distribution), and 5) a carbon impregnated with ~5% KI-I2 (similar 
to the commercial iodized charcoals except for the particle size 
distribution). The 10x16 particle size distribution was chosen as 
a result of earlier tests which showed better iodine retention 
(in l-in.-deep beds) for this finer mesh carbon.? Samples of each 
of the carbon types (both normal and accelerated flow) were removed 
after 6 months exposure. 

Preliminary test data show that Type GX-176 carbon in full
size beds performs very much like Type G-615. The carbons exposed 
in the carbon test facility deteriorate more rapidlY than compartment
aged carbons (Table 2). The reasons fOr the'higher penetration 
observed in the CTF samples is currently under investigation. 

TABLE 2 

Radiation Tests of Service-Aged Carbons 

Carbon Where Servioe Iodine 
%b Type Age~ Age, months Penetration" 

G-61s 0 0.034 
G-61s C-2 6 0.052 
G-61s C-2 9 0.120 
GX-176 0 0.022 
GX-176 K-2 6 0.053 
GX-176 CTF 6 0.129 
GX-176 CTF "-7.50 0.249 

a. C-2, Compartment 2 of C Reactor; and K-2, Compartment 
2 of K Reactor. 

b. See Table 1 for test conditions f 
a. 6 months at "VI. 25 times normal fIO\\". 
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Preliminary investigation indicates either that the linear face 
velocity in the carbon test facility is higher than in the con
finement system or that the atmospheric pollutant concentration 
is higher at the CTF inlet plenum ~osition (or a combination of 
both conditions). Earlier studies ,9 showed that reactor room 
air (containing N02, the presumed atmospheric pollutant causing 
the most rapid poisoning of the confinement carbon) is not well
mixed with other building air in the confinement system supply 
plenum. Thus, air entering Compartments 2 and 3 contains more 
N02 than air exhausted through Compartments 4-6. The inlet 
plenum of the carbon test facility is in an unused blank position 
closer to the reactor room exhaust plenum than Compartments 2 
and 3. The relatively low flow of the CTF compared to the con:
finement compartments (approximately 400 cfm compared to appro~i
mately 20,000 cfm for each of the confinement compartments) would 
cause any N02-free air drawn from the opposite end of the plenum 
to be exhausted through confinement compartments in Positions 2 
and 3, and the CTF would receive air only from the reactor room 
end of the plenum. 

Additional samples of service-aged carbons from the CTF and 
confinement system are scheduled for removal and testing at 
6-month intervals. Data from these samples will be summarized 
in future progress reports. 

Other Service Aging Tests 

TEDA AnaZysis 

Studies are also under way to determine the effect of service 
aging on theTEDA content of impregnated carbons. Because of the 
finite vapor pressure of TEDA (~2 mm Hg at 40·C), some loss is 
anticipated as a result of air flowing through the carbon beds. 
Qualitative tests (consisting only of detecting the characteristic 
TEDA odor during ignition temperature determinations) indicate that 
the amine is still present on the three TEDA carbons exposed in the 
CTF for 6 months and on Type GX-176 exposed in the confinement 
system. Quantitative analytical methods are being developed to 
determine the TEDA content of new and used carbons. 

Carbon Regeneration 

Carbon ignition temperature was used as a measure of the 
effectiveness of several regeneration methods for reclaiming used 
coconut carbon. In these tests, a sample of unimpregnated Type 
416 carbon service-aged for 43 months in the K-2 Compartment was 
first tested. Aliquots of the sample were then subjected to 
drying (sO·C), heating (lsO·C), neutralization (KOH added to 

t. 

- 10 -



~H 7), water leaching (to ~H 7), and finally to partial re
activation (~600·C in an oxygen deficient environment). None of 
the treatments restored the used carbon to its original ignition 
temperature except the partial reactivation of the sample. Data 
are shown in Table 3. 

TABLE 3 

F.ffect of Regeneration Method on Used Carbon Ignition Temperatures 

pH'l 
IfJ'Iition 

'cb Tpeatment Temperature .J 

Noneo 3.51 280 
92-hr Washd 4.03 275 
Dried at l25'C 2.80 275 

Dried at l2S'C, Neutralized, and Washedd 7.0 265 

Dried at 200'C 3.21 285 

Dired at 200'C, Neutralized, and Washedd 7. 80 285 

Partially Reactivated at 600°C 8.94 435 

New Carbon (Blank) 9.50 395 

a. pH of water extract of carbon. 

b. 55 ft/min face velocity of 5-'C/min heating rate in standard 
quartz apparatus. 

0, Barnebey-Cheney 416 carbon service-aged 43 months in Savannah 
River confinement system. 

d. Extracted with distilled water in a soxhlet extractor. 

The data indicate that no simple physical or chemical treat
ment of used carbons can be used to reconstitute the carbon, and 
that full reactivation would probably be required to restore all 
the desirable properties. 

During the determination of the ignition temperatures of the 
used carbon samples, a strong acidic odor resembling a mixture of 
short-chain organic acids and aldehydes was noted. The odor and 
low carbon pH indicate that the aging process probably includes 
partial oxidation of the carbon surface (plus accumulation of 
airborne acidic pollutants). Failure of the neutralization and/ 
or leaching techniques to remove the odor-causing components 
indicates that they are bound to the carbon surface. Absence of 
the odor was noted only after heating the sample to >SOO·C. This 
again indicates that reactivation is required to restore a'used 
carbon to a usable condition. : 

- 11 -
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Water Leaching Tests 

Proposals have been made by commercial power reactor vendors 
to provide a water spray system to cool iodine-loaded carbon beds 
and prevent self ignition from a combination of low air flow and 
radioiodine decay. In an effort to evaluate the effect of such 
a spray on the iodine retention properties of the carbon and to 
confirm basic iodine reaction mechanisms 10 (see also reaction 
mechanism discussion in a later section of this report), two 
commercial iodized coconut carbons were first loaded with 131 1_ 
tagged elemental iodine and then flooded with distilled water. 
The flooding was carried out in two steps: first with one bed 
volume of water, then with an additional 9 bed volumes of water 
(total water = 10 bed volumes). Water collected from each step 
of the flooding operation (carried out without air flow) was \ 
passed through an ion exchange column, and the fraction of radio
iodine removed was determined by gamma scintillation counting. 
In both tests, approximately 50% of the radioiodine was removed 
by one bed volume of water, and an additional 30 to 35% was 
removed by nine bed volumes of water; a total of 80 to 85% of 
the iodine was removed by leaching with ten bed volumes of 
distilled water. 

Spraying the carbon beds before ignition should prevent a 
fire in the off-gas cleanup sys.tem by cooling the bed and by 
removing the heat source (radioactive iodine). Spraying the 
bed will, however, destroy the iodine retention capability of the 
carbon bed (especially for organic iodides since the nonradioactive 
iodine impregnant is water soluble). Moisture entrained in the 
flowing airstream downstream of the carbon bed would also be 
heavily loaded with radioiodine and a secondary cleanup system 
would be required before the air could be released to the 
atmosphere. 

A bypass air stream which can provide enough flow to cool 
the bed would seem a more practical design. The latter method 
would also minimize the need for a supplementary hold tank (to 
store the radioiodine-loaded wash water) and a supplementary 
carbon filter system to remove the airborne radioiodine released 
as a result of operation of the fire suppression system. 

The leaching tests also show that a significant portion of 
12 loaded on the carbon was converted to 1- (or another water 
soluble species) and indicates chemical reaction rather than 
physical adsorption as a basic reaction mechanism in gas phase 
iodine retention by carbon. 

I 
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High-Temperature Desorption Tests 

The high-temperature desorption test was initially designed 
.as a screening test to aid in selecting potential replacement 
carbons for the Savannah River confinement system. 2 The test 
conditions (lO-min. loading of elemental iodine at ambient tempera
ture and humidity followed by 4-hr desorption at l80·C and <1% 
relative humidity) were selected to prevent damage to the TefZon
coated test apparatus and Neoprene "O"-rings used as seals in the 
apparatus (registered tradenames of E. I. du Pont de Nemours 
and Co.) The 180·C temperature is also near the upper limit of 
usefulness for nuclear carbons because thermal desorption of 
iodine becomes significant in this temperature range. HEPA filter 

. blinding data presented earlier 9 show that this elevated tempera
ture could be attained in a hypothetical accident. Moreover, 
because of the sensitivity of some commercial carbons to high 
temperature, the high-temperature desorption test has been pro
posed for inclusion in the ASTM Standards for carbon testing. 

In the original screening test series,3 13 of the 21 candidate 
adsorbers were subjected to the high-temperature test and had 
penetration values ranging from 0.003% (5% TED A on coconut carbon) 
to 12.8% (KI-I2 on coconut carbon). 3,_ The data fall into three 
broad penetration categories: 

1. Very low «0.010%); coconut-base carbons either unimpregnated 
or impregnated with TEDA or TEDA and KI. 

2. Intermediate (0.01 to 0.10%); coconut-base carbons impregnated 
with 12, KI-I2, or PbI 2. 

3. Very high (>l.O~;coconut-base carbons impregnated with KI-I2, 
and petroleum-base carbons impregnated with KI or TEDA. 

The anomaly in the data is that four of the products 
originally tested were nominally identical (~5% KI-I2 on 1500 
m2/g coconut carbon), yet the high-temperature penetration values 
ranged from 0.028% to 12.8%. In subsequent testing of a different 
manufacturing lot of the carbon showing l2.8~ penetration, the 
penetration was only 0.023%. Preliminary investigation of the 
cause of the variability indicated that different methods of 
impregnation may have been used by the four vendors; 3 however, 
confirmation of the techniques could not be obtained because of 
the proprietary nature of the processes. 
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B.ecause the two principal methods which could be employed* 
could result in different degrees of alteration of the chemical 
content of the carbon, samples of the five carbons were analyzed 
for K, Na, and I content by neutron activation analysis and for 
residual alkalinity by measuring the pH of a water extract of the 
carbons. The results of these analyses indicated a strong 
correlation between the atom ratio of iodine to potassium (11K 
ratio) and the high-temperature iodine penetration test results. 
The sodium content of the carbons was consistently <0.2% (by 
weight) and was not related to penetration. 

Chemical Analysis of Carbons 

Results of neutron activation analyses of several commerGial 
I2-impregnated carbons are shown in Table 4 along with the pHi8nd 
iodine penetration data. The comparison between 11K ratios and 
high-temperature penetration data for coconut carbons is presented 
graphically in Figure 1. 

TABLE 4 

Chemical Analysis of Commercial Iodized Coconut Carbons 

Carbon Potassium, Icdine, At"", Ratio Iodins 
Venae,. wt ~ wt I IIX plf'% PenstNtion, 

AO 0.958 4.01 1.29 7.05 12.82 

B 1.14 4.42 1.19 9.56 2.41 

C 1. 75 3.78 0.664 9.36 0.052 
D_ld 1. 55 3.01 0.600 9.62 0.028 
AO 2.23 4.23 0.586 9.02 0.023 

D-2 1.04 1. 31 0.387 9.86 0.006 

D-3 1.26 1.30 0.318 10.06 0.003 

a. 5 g carbon in 20 ml distilled water. pH of water measured 
after 20 min soaking. 

b. High-temperature desorption, see text for test description. 
o. One of two manufacturing lots of the same type carbons. 

d. I, 2, and 3 represent 3 different carbon types from the 
same vendor. 

Ib 

* The "dip" method could possibly result in a water-leached carbon; 
and the "spray" method could result in an unleached carbon. if 
the li~uid addition is controlled below the saturation level of 
the carbon. ' 
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FIGURE 1. Iodine Penetration as a Function of 11K Ratio for 
Commercial 12-Impregnated Carbons with No Potassium 

To rule out the possibility of variations in the natural K+ 
content of the base carbon (three of the four vendors use the same 
base carbon), representative samples of baSe carbon from lots manu
factured over a 5-year period were also analyzed for ~ and Na+ 
content. The data show very little change from lot to lot as 
indicated in Table 5. 

The data suggest a basic reaction mechanism for high
efficiency elemental iodine retention by activated carbon as 
shown in idealized form in Equation 1. 

312 + 60H 51 (1) 

The potassium salts of iodine have high inherent stability, 
and the combination of excess K+ and an alkaline environment best 
promote stabilized ionic iodin~ formation. Thus, coconut carbon, 
because of its high natural basicity and high natural K+ content, 
is the best natural iodine adsorber. 

- 15 -
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TABLE 5 

Chern; ca 1 Content of 1500-m'/g Coconut Carbons 

Manufaatul'e 
pFfL K+, wt % Date Na+, wt % 

3/69 9.9 1.18 0.11 

6/70 10.0 1.17 0.07 

2/71 9.9 1.19 0.08 
3/72 9.9 1. 30 0.09 

10/73 10.3 1. 27 0.06 

a. See text for test description. 

Laboratory-Impregnated Carbons 

In an effort to define specific reaction mechanisms, three 
series of experiments were undertaken: 1) vapor-phase 12 impreg
nation of natural-K+ carbon (constant K+, varying 12 concentration); 
2) vapor-phase 12 impregnation of a K+-free carbon, followed by 
KOH impregnation (constant 12, varying K+ concentration); and 3) 
liquid KOH-I2 impregnation of a K+-free carbon. 

To minimize the effect of.a variable base carbon (base 
carbons have inherently different iodine capacities), as-gal 
drum of ~1500-m2/g coconut carbon was obtained from a carbon 
vendor. After preliminary analysis, a portion of the carbon was 
vapor-phase impregnated with 12 at three different concentrations 
(nominally 2, 4, and 6 wt %). To test the Savannah River impreg
nation techniques, a commercial vendor also supplied samples of 
the same base carbon impregnated with the same concentrations of 
12. 

Vapor-Phase I2 Impregnation of NaturaZ Potassium carbons 

Analyses of potassium and iodine contents of the 12-impreg
nated, natural potassium carbons are shown in Table 6 with high
temperature iodine penetration data. The 11K ratio is also 
plotted in Figure 2; data from commercial carbons as a function 
of the logarithm of penetration are also included. A slightly 
better least squares correlation (0.963 vs. 0.952) was obtained 
when the function (I/K)/pH was plotted against the logarithm of 
penetration instead of 11K. This correlation indicates some 
dependence on pH (Figure,3). 

- 16 -
t, 



TABLE 6 

Chem~cal Analysis of I2-Impregnated, Natural Potassium Carbons 

potassium, Iodine, (I/K)/ Penetration, 
Carbona wt % wt % I/K pH pH %b 

SRL-24V 1.57 2.59 0.507 10.28 0.049 0.018 

SRL-25V 1.55 3.63 0.720 9.69 0.074 0.ll5 

SRL-26V 1.40 5.45 1. 203 9.50 0.127 0.339 

SRL-24 1.64 1.53 0.287 9.68 0.030 0.015 

SRL-25 1.52 2.67 0.541 9.30 0.058 0.057 

SRL-26 1.44 5.52 1.181 8.05 0.147 0.755 

a. Arbitrary numbers: those followed by V's were vendor impregnated; 

b. 

the remainder were impregnated at Savannah River. 

High-temperature desorption; see text for conditions. 
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FIGURE 3. Iodine Penetration as a Function of (I/K)/pH for 
I2 -Impregnated Carbons with Natural Potassium 

Vapor-Phase KOH-I2 Impregnation of Potassium-Free Carbons 

The second phase of the study involved removal of soluble 
potassium from the base carbon, vapor-phase impregnation with a 
constant 12 content (~4%), and addition of potassium (as KOH) at 
various concentrations. In these experiments, two methods of K+ 
removal were used: 1) repeated distilled water washes (in a 
soxhlet extractor); and 2) dilute HsPO, leaching fOllowed by re
peated distilled water washes. In all cases, the reconstituted 
potassium samples showed a marked deviation from a straight 
logarithmic increase in penetration with increasing I/K ratios 
[or (I/K)/pH ratios]. Samples washed with distilled water and 
impregnated with KOH showed consistently lower iodine penetration 
than commercial carbons or I 2 -impregnated carbons at all (I/K)/pH 
ratios. The HsPO,-treated samples were about equivalent to 
natural K+ samples at I/~ ratios <1 [(I/K)/pH <0.1] and similar 
to water-washed samples at 11K ratios >1 [(I/K)/pH >0.1] (Figure 
4). These experiments indicate that added potassium (as KOH) is 
more readily available ~or reaction than the natural potassium 

-----""" - ------
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present in coconut carbon. The data also suggest a method for 
improving the high-temperature performance characteristics of 
noncoconut-base carbons. 
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FIGURE 4. Iodine Penetration as a Function of (I/K)/pH for 
All Carbons 

Liquid KOH-I2 Imppegnation of Potassium-Fpee CaPbons 

The third set of experiments involved cO-impregnation of K+
free carbons (coconut and noncoconut) with K+ and 1- using a KOH-I2 
solution. Two samples were also prepared using NaOH rather than 
KOH to determine whether K+ is the preferred impregnant. In the 
first experiments, several batches of water-washed coconut carbon 
were combined (the soxhlet extractor has about a 200-g capacity 
for coconut carbon) and were blended, and the'b1end was divided 
into two portions. The first portion was vapor-phase impregnated 
with 12 (~3.0%). One half of th~ iodine-impregnated carbon was 
then impregnated with ~l.S% K+ (as KOH) and designated KV+for KOH 
+ 12 vapor. The other half was impregnated with ~l.S% Na (as 
NaOH) and designated NaV for NaOH + 12 vapor. The second portion , 
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of the original blended sample was also divided into two samples. 
The first was impregnated with a solution of KOH-I2 and designated 
KL for KOH + 12 liquid. The second was impregnated with a solution 
of NaOH-12 and designated NaL for NaOH + 12 liquid. The iodine/ 
alkali metal ratio was chosen to approximately duplicate the 
(I/K)/pH ratio of one of the better commercial I 2-impregnated 
carbons. 

The (I/A)/pH (where A = alkali metal) ratios are compared 
with high-temperature iodine penetration values in Table 7. The 
commercial carbon is also shown for comparison. The data show 
that KOH-I2 liquid impregnation produces a superior product 
(sample KL) when evaluated by the high-temperature desorption 
test. 

·To investigate the applicability of the impregnation technique 
to other carbon types, a sample of a commercial coal-base carbon 
was obtained. This carbon had been screened to an 8xl6 particle 
size distribution (the same particle size distribution as the 
coconut-base carbon). Both vapor-phase iodine impregnation followed 
by KOH impregnation and KOH-I2 coimpregnation were used. The test 
data show that noncoconut carbons can be made into effective iodine 
adsorbers. Analytical and test data are shown in Table 8; coconut 
carbon sample KL is shown for comparison. 

TABLE 7 

Iodine Penetrations of Selected Coconut Carbons 

Iodine 
Car>bon (I!K!/pH (I!Na)!pH Penetration, %a 

Kvb 0.06~ 0.007 

Navb 0.040 0.014 

KrP 0.059 0.002 

NaLb 0.052 0.041 

Commercial 0.062 0.028 

a. High-temperature desorption; see text for conditions. 
b. See text for sample description. 
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TABLE 8 

KOH.lmpregnated Coal Carbons 

Iodine 
Sample (I/KJ/pH Penetration, :;a 

Coal Kvb 0.093 0.018 

Coal KL-l" 0.066 0.003 

Coal KL_2d 0.066 0.002 

Coconut KLe 0.059 0.002 

a. High-temperature desorption test; see text for 
conditions. 

b. Vapor-phase iodine (~4%) • ~1.2% K (as KOH). 
a. KOH-I, coimpregnation (2.8% I, , 1.2% K by weight). 

d. KOH-I, coimpregnation (4.4\ h, 1. 9% K by weight). 

e. KOH-I, coimpregnation (2.2% I, , 1.1% K by weight). 

Other Teete of KOH-Impregnated Carbone 

Impregnation of activated carbon with ~otassium salts lowers 
the ignition temperature of the carbon. 11,1 Thus, use of the 
KOH-I2 impregnation technique involves balancing the iodine reten
tion characteristics against the ignition characteristics of the 
carbon. Other factors to consider are the availability and cost 
of the carbon and the physical properties of the carbon that may 
limit its usefulness for air cleaning applications (specifically 
the hardness and resistance to attrition by a flowing air stream). 
Coconut carbon has long been used for all cleaning applications 
because its physical properties and iodine retention properties 
were satisfactory at a reasonable cost. Increasing worldwide 
demand for coconut carbon has caused significant 'price increases 
and accentuates t~e need to find alternative carbons suitable for 
nuclear applications. 

Use of the KOH-I2 impregnation technique may provide a means 
of improving the iodin~ retention properties of alternative 
Carbons to the extent that they perform as well as or better than 
coconut carbon. To this end, the coal-base carbons listed in 
Table 8 were tested for ignition temperature, and the better 
sample (Coal KL-l) was tested fOf iodine retention in an intense 
radiation field (the radiolytic desorption test).' Data are shown 
in Table 9 along with comparable data for one of the better 
commercial coconut carbons. ; 
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TABLE 9 

Comparison of Coconut and Coal Carbons 

Ignition The"",a ~ Iodine Radio~ytia Iodine 
Sarrrp~e II/K)/pH Temp. > 0c!' Desorption~ %b Desorption J %0 

Coal (as received) 0.006 475 0.006 0,0.3 

Coal KL-l 0.066 330 0.003 0.020 

Coal KL-2 0.066 310 0.002 

Commercial Coconut 
Carbon 0.062 340· 0.028 0.016 

a. As measured in a standard quartz apparatus at a heating rate of SOC/min 
and a superficial dry air velocity of 17 m/min (at 200°C). 

b. Elemental iodine desorption in 4 hr at 180°C and <1% relative humidity,', 

a. 'Elemental iodine desorption' in 5 hr at 180°C and "'95% relative 
humidity and an adsorbed dose rate of 3 x 10 7 rad/hr. 

Selection of Impregnation Salts 

Having demonstrated that coal carbons can be custom impreg
nated to retain iodine as effectivelY as coconut carbons, a 
systematic study was initiated to find the best combination of 
K+, C, and pH which could be used on any carbon. Solutions 
made with KOH-I2, K1-KOH, and K1-K2C03 w~re used on two different 
coal-base carbons and a petroleum-base c~rbon to optimize iodine 
retention. A flame retardant (NaH2PO.·H~0) was also incorporated 
into some of the formulations to obtain satisfactory ignition 
characteristics. Various additive combinations are discussed' 
below. 

KOH-I2 

The most consistent results were obtained with the KOH-12 
combination. A KOH solution is prepared into'which' 12 crystals' 
are dissolved. Once the 12 has reacted (forming a colorless 
solution containing a complex mixture of 1-, 01- and probably 
some higher oxidation states iodine salts as well), the solution 
is diluted with distilled water to a volume slightly less than 
that required to saturate the carbon being impregnated. The 
solution is slowly dripped onto the predried carbon in a mixing 
chamber (a modified stainless steel beaker with internal vanes 
rotated on a laboratory ball mill). The addition system is 
flushed with enough distil 1M water to rinse out the residual 
salts and to just saturate the carbon. The wet carbon is dried 
overnight in a laboratory cQnvection oven, cooled in a dessicator; 
and stored in a sealed plastic bottle. 
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As shown by the systematic variation of 11K ratios ranging 
from 0.3 to 1. 2 [the function (11K) IpH ranges from 0.032 to 
0.120], coal-base carbons performed consistently hetter than 

. iodized coconut carbons. Comparison of the plot (Figure 5) of 
the function [In (penetration) vs (I/K)/pH] indicates that the 
coal carbons show the same dependency on I, K, and pH as do 
coconut carbons (essentially the same slope), but that the pene
tration for the coal carbons is consistently lower by about a 
factor of 10. As indicated earlier, however, the ignition 
temperatures of these KOH-impregnated samples were consistently 
lower than 340·C (Table 10). 
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FIGURE 5. Iodine Penetration as a Function of (I/K)/pH for 
KOH-I2-Impregnate~ Carbons 
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TABLE 10 

Experimenta 1 Data for KOH-I 2-Impregnated Coal Carbonsa 

Imp1'egnant Content, Iodine Ignition 
wt %b Penetration , ~~erature, 
I K (I/KJ/pH %0 

2.33 2.06 0.0332 0.00049 295 
2.35 1.64 0.0429 0.0013 300 
2.19 1. 50 0.0431 0.00084 300 
2.73 1. 51 0.0537 0.0012 310 
2.31 1.16 0.0586 0.0020 315 
2.44 1.20 0.0603 0.0012 300 
3.29 1.44 0.0697 0.0018 320 

3.17 1. 32 0.0120 0.0018 300 
2.36 1. 02 0.0728 0.0021 315 

4.30 1. 76 0.0759 0.0015 310 

2.73 1.10 0.0790 0.0028 315 

2.09 0.67 0.101 0.0097 330 

a. Bituminous coal-base carbon, Vendo'r N. ground to 8 x 16 mesh. 

b. Net impregnants added as determined by neutron activation 
analysis. 

a. 1800 desorption test. see text for details. 

d. In standard quartz apparatus at 55 ft/min face velocity and 
soC heating rate. 

Similar low penetrations were obtained from a different 
coal-base carbon and a petroleum-base carbon impregnated with 
KOH-I2. Ignition temperatures and penetration data on these 
carbons are shown in Table 11. 

KOH-KI 

As indicated in the previous section, 12 readily dissolves 
in a KOH solution forming several iodine salts so that no 12 is 
actually present in the impregnation solution. The logical 
extension of the KOH-12 technique is to use iodine in the salt 
to avoid handling 12. T~ this end, several samples were pre
pared with KI and KOH. As expected, the penetration data were 
satisfactory, but carbon,ignition temperature was again lower 
than desired. Data are ¥ummarized in Table 12. 
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TABLE 11 

Experimenta 1 Data for Other KOH-I 2 -Impregnated Carbons 

Impregnant Content~ Iodine Ignition 
Base wt %0 Penetration, Temperature, 
Carbon I K (I/K)/pH SO ·Co 

Coala 2.26 1.19 0.0589 0.0025 310 

Coala 3.20 1.48 0.0654 0.0016 320 

Petroleumb 2.26 0.98 0.0704 0.0014 325 

Petroleumb 3.06 1.38 0.0662 0.00066 320 

a. Bituminous coal-base carbon, Vendor P, sieved to 8 x 16 mesh. 

b. Petroleum-base carbon, Vendor W, 8 x 16 mesh. 

o. See Table 10 for details. 

TABLE 12 

Experimental Data for KOH-KI-Impregnated Carbons 

Imp~t Content, Iodins 
Base wt % Penetration, 
Carbon I K (I/K)/pH %d 

Na 2.07 1.14 0.0549 0.0017 

Na 2.35 1.10 0.0668 0.0028 

Na 1. 82 1.18 0.0454 0.0013 
pb 2.93 1. 39 0.0645 0.0015 

we 2.27 1. 24 0.0563 0.00066 

we 2.10 1.17 0.0538 0.0025 

a. Coal carbon, Vendor N, ground to 8 x 16 mesh. 

b. Coal carbon, Vendor P, sieved to 8 x 16 mesh. 

o. Petroleum carbon, Vendor W, 8 x 16 mesh. 

d. See Table 10 for details. 
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As further proof that the necessary components of a success
ful impregnation formulation are K, I, and a pH control agent, 
the carbonate salt of potassium was substituted for the hydroxide 
salt for pH control. Without a fire retardant present, the 
ignition temperatures of the products were low, even though the 
iodine penetration values were acceptable as shown in Table 13. 

TABLE 13 

Experimental Data for K2 CO,-KI-Impregnated Carbons 

Irrrpr'"!nant Content, Iodine 
Base· wt % ~~netration, 
Carbon I K (I/K)/pH 

Na 2.51 1. 2S 0.05S5 0.0010 
pb 1. 91 1.15 0.0513 0.0007 
ph 2.51 2.07 0.0370 0.0016 

we 1. S6 1. 02 0.0543 0.0055 

a. Coal carbon, Vendor N, ground to 8 x 16 mesh. 
b. Coal carbon, Vendor P, sieved to 8 x 16 mesh. 
a. Petroleum carbon, Vendor W, 8 x 16 mesh. 

d. See Table 10 for details. 

F~ame Retardants 

Ignitilm 
~~e!'d.tu!'e , 

310 

315 

285 

305 

Three classes of compounds are commonly used as flame 
retardants for combustible materials: 1) halide salts, 2) 
borate salts, and 3) phosphate salts. Because the carbon samples 
are already impregnated with an iodide (KI), other halide salts 
were not added because F- and Cl- are more active chemically and 
would tend to release 12 in any competing chemical reaction. Of 
the two remaining types of compounds, the phosphates are generally 
better buffering agents and have greater solubility. Buffering 
is important in maintaining a high pH, while solubility is 
important in preparing impregnation solutions. Two phosphate 
compounds were arbitrarily selected for initial testing, mono
basic potassium (KH 2PO,) and mono-basic sodium (NaH2P04) phOS
phates (or hydrated salts). Both were effective in raising the 
ignition temperatures of the impregnated carbons to acceptable 
levels (Table 14). 
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The data in Table 14 show that the iodine penetration values 
were slightly lower when the sodium salt (NaH2P04,H20) is used as 
a flame retardant. This fact, coupled with the lower cost of the 
NaH2P04'H20 (as compared to KH2P04), makes the sodium salt the 
preferred flame retardant. Similar experiments using the dibasic 
sodium sal t Na2HP04' 2H20) and the dibasic potassium salt K2HP04 
are planned. 

TABLE 14 

Experimental Data for Carbon~; e,),,' il i 111 ng Phosphate Flame Retardants 

Irrrpregnant Content, 
Base wt %a 
Carbon I K 

KOH-KI Carbons 

Nb 

Nb 

Nb 

p" 

P" 

wd 
wd 

K2CO,-KI 

1. 87 1.06 

2.55 1.44 

1. 88 1. 33 

2.20 1.23 

2.41 1.47 

2.07 1.08 

2.08 1. 31 

Carbons 

2.64 1.17 

2.65 1.31 

1.86 0.93 

1.95 1.04 

P04 3 

NaB 

Kf 
Nae 

Nae 

Kf 
NaB 

Kf 

a. See Table 10 for details. 

(I/K)/pH 

0.0539 

0.554 

0.0413 

0.0555 

0.0370 

0.0570 

0.0475 

0.0706 

0.0632 

0.603 

0.0592 

Iodine 
Penetmtion J 

%a 

0.0024 

0.0039 

0.00096 

0.0016 

0.0016 

0.00053 

0.00046 

0.0012 

0.0032 

0.0031 

0.0021 

b. Coal carbon, Vendor N, ground to 8 x 16 mesh. 

", Coal carbon, Vendor P, sieved to 8 x 16 mesh. 

d. Petroleum carbon, Vendor W, 8 x 16 mesh. 

e. NaH2PO.'H.O flame retardant added, 1 wt %. 

f. KH.PO. flame retardant added, 1 wt %. 
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380 

375 

365 

360 

365 

400 

395 

365 

365 

375 
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Other Additives 

The tertiary amine additives triethylenediamine (TEDA) and 
triethanolamine (TEA) have also been used in a limited number of 
impregnations. Preliminary data (Table IS) indicate that 1% TEDA 
does not adversely affect the ignition temperature or high
temperature iodine penetration when a flame retardant is also 
present. Data on TEA-impregnated carbons are insufficient to 
draw conclusions (single tests of a single TEA-impregnated 
sample) . 

TABLE 15 

Experimental Data for Iodized, Amine-Impregnated PetrOleum Carbona 

Iodine 
Impregnant Content, wt % Penetration, 
Amine PO.' Ie j(6 (I/K)/pH %e 

TEDAb Nad 2.77 1. 30 0.0645 0.0015 

TEDAb Nad 2.58 1. 26 0.0636 0.0018 

TEAo Nad 2.67 1.44 0.0560 0.0052 

a. Petroleum carbon, Vendor W, 8 x 16 mesh. 
b. Triethylenediamine, I wt %. 

o. Triethanolamine, I wt %. 

d. NaH2P04'H20, I wt %. 
e. See Table 10 for details. 

Test Program 

Ignition 
Temperature J 

'ce 
360 

375 

370 

In addition to the service aging test on confinement carbons 
discussed earlier in this report, radiolytic desorption tests are 
scheduled on the more promising of the laboratory-impregnated 
carbons. Arrangements are being made with a carbon vendor to 
impregnate larger samples of non coconut carbons so that these 
samples may also be included in service aging studies in the 
carbon test facility. Methyl iodide penetration tests on these 
samples are also being arranged through a cooperative program 
with the Naval Research L~boratory in Washington, DC. 
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IODINE EVAPORATION 

In a reactor accident involving fuel melting, fission products 
could accompany emergency coolant runoff and result in significant 
off-site doses. Laboratory-scale investigations have been under
taken to study the evaporation of iodine from water (a major 
contribution to such doses) and to develop methods to retard its 
release. The experimental configuration consists of a dynamic 
flowing air measurement which approximates the expected conditions 
in the environment. 

Experimental results were compared with theoretical predic
tions available in the literature. All experiments were performed 
in the absence of ionizing radiation. The effects of radiation 
wi 11 be determined in separate experiments to be performed during \ 
the next reporting period. 

Iodine Evaporation Theory 

Others l3 have shown that the general mass transfer equations 
of Sherwood and Pigford 1

• can be used to yield an equation that 
gives the concentration (C) of aqueous iodine in solution as a 
function of time(t): 

-=exp e C (-0.664NR-~GLAt) 
Co PV(~/pD)Zi 

(1) 

where the symbols have the following definitions and values in 
the present experiments: 

Co Initial aqueous concentration of iodine (mol/t) 

NRe = Reynolds number "'7,900 

GL = Linear velocity of air - 7,200 ft/hr (an estimate) 

A = Area of liquid surface 

V = Volume of liquid = 3 t, (A/V = 2.90/ft) 

~ = Viscosity of air = 4.356 x 10- 2 lb/ (ft -hr) 

p = Density of air = 0.0808 lb/ft 3 

D Diffusivity of iodine in air = 0.3875 ft 2/hr (an estimate) 

t Time, (hr) 
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P = Partition coefficient = ~C:::.o!!n:::.c;:en=t!..r::a t;:.1;;· o::;n:.:-o::..f;.-;iC'0::..diii;;n:..:e:.....;i:':n'-"s::;o:=l:::.u~t.=.i;:o:.:.n 
Concentration of iodine in air at 
liquid-air interface 

Substitution yields: 

C = Coexp (-2.085t/P) (2) 

where t is in minutes. 

The above equation is of the same form as the first-order reaction 
equation that applies for simple chemical reactions (such as 
evaporation), and which is usually written as: 

C = C exp (-kt) 
o 

(3) 

Therefore, k = 2.085/P (min-I), and the amount of aqueous iodine 
evaporated at time t is given by the following equation: 

Amount of Iodine 
Evaporated 

= {Co - C)V = (Co - coe-kt)v 

CoV(l-e-kt) = CoV[l-e C2.~85t)J 
(4) 

(4a) 

Theoretical values of the partition coefficient have been 
estimated by Eggleton l5 for aqueous iodine solutions. Eggleton 
has shown that the Solution of iOdine in water results in the 
formation of ionic iodine via three principal reactions (see 
Equations 2-4 of the Appendix) and that at the same time iodine 
is lost from solution by vaporization. Only iodine in the 
elemental form is volatile. Eggleton treats these four competing 
reactions mathematically to obtain the equilibrium partition 
coefficient. The resulting expression" gives the partition 
coefficient as a function of aqueous iodide concentration, pH, 
and the equilibrium constants of the four competing reactions. A 
graph of partition coefficient vs aqueous iodide concentration is 
given in Figure 6 for several values of pH. 

Partition coefficients of 100-125 are predicted from Figure 6 
for iodine concentrations of 2 x 10- 5 to 6 x 10- 5 mol/~; for pH's 
of the iodine-distilled water system of 6.2 to 6.5, and for pH's 
of the iodine-river water system of 6.8 to 7.2. Thus, substituting 

t 

• A rederivation of the equation was made to correct an error 
that occurs in his pap~r. 
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in Equation 4a yields: 

Amount of Iodine ~ 1.2 x 10-4(1_e-0.018t), (mol) (4b) 
Evaporated 

105r----.----_r----~----r----.----_r--~ 

10" 
~ 
.!! 
.~ --8 
u 

- Eggtetonls Predictions 
(Corrected Equation) 

10-8 10- 7 10-6 10- 5 10-" 

Iodide Concentration, mollL 

FIGURE 6. Partition Coefficient of Iodine - Water System 
as a Function of Iodine Concentration 

Experimental Investigation 

The experimental apparatus is shown schematically in Figure 
7. The equipment employed consists of a 9-t glass bottle that 
contains 3 t of water and ~3 to 30 mg of elemental iodine that is 
tagged with ~2 mCi of 131 1. An air flow of 2 cfm is maintained 
through the bottle and is filtered at the input end by 6-in. of 
activated charcoal and a high-efficiency particulate air (HEPA) 
filter. The output from the bottle is passed through charcoal 
beds that adsorb iodine carried by the air stream. The 131 1 
activity of the carbon beds is determined with a scintillation 
counter (as a function of time). over the 5-hr test period. Before 
each test, the 131 1 activity of both the charcoal beds and the 
water in the bottle is determin,ed, and a material balance is made. 
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Data are reduced with a computer code modified to fit test con
ditions and equipment. Glass and TefZon are used to minimize 
surface adsorption of iodine. 

HEPA 
Filler 

CharcQal 
Filter 

Flow 
Meter 

Electronic 
Counting 

Equipment 

" 

Scintillotion 
/Counter 

9-1 
Glass Jug 

Iodine Water 
_+-- Solution, Togged 

with 2 mCi 131 1 

FIGURE 7. Iodine Evaporation Equipment 

Exhaust 

t 

The iodine is tagged and put into solution at the beginning 
of each test by rinsing the iodine crystals through a porous 
glass frit and into the test bottle by means of a tube extending 
below the liquid surface. The initial sweep of air through the 
bottle is passed through a separate set of charcoal beds to 
remove any airborne iodine released directly into the air (during 
the loading), so that it will not be confused with evaporated 
iodine. 

Experimental results for the evaporation of iodine from 
aqueous solutions of iodine in distilled water and river water, 
respectively, are shown in Figures 8 and 9 in terms of 131r build
up on the carbon bed as a function of time. A nuclear poison 
PoZybor (Registered tradename of U. S. Borax for Na2Ba013'4H20) 
was also added (Figure 9) for one test. PoZybor is not expected to 
react with iodine and hen~ should yield a result like any iodine
water test without additives, which it does. 
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Curve fitting was used to determine the approximate values 
of iodine evaporated, C~V (for 131 1), and k (=2.085/P) for the 
tests given in Fi§ures 8 and 9. In each case, althou¥h the 
total amount of I II in solution did not evaporate, C V for 131 1 
was a significant fraction of the original amount of ~311 in 
solution. The total iodine released as a function of initial 
concentration is shown in Table 16 assuming that the same fraction 
of inert (nonradioactive) iodine evaporated as did 131 1. 

A comparison of Columns 4 and 5 of Table 16 with the theoret
ical prediction of Equation 4b shows: a) that the amount of 
iodine evaporated, C~V, is 16 to 82% of that expected, and b) that 
there is a considerable spread in individual k and P values. The 
lack of consistency between individual test results may indicate 
the presence of small quanti ties of interfering impurities in ithe 
water used. Other investigators l6 have also seen large variations 
in these quantities. 

TABLE 16 
Resu1 ts of Iodine-Water Evaporation Tests 

CqV 
I 

CoY 
(mitiaZ) , ( evapomted) , % Iodine k, P, 
moZ moZ Evapomted min- 1 "al". 

Distilled 
Water 

1 8.10 x 10- s 5.37 x lO- s 66 0.0158 132 
2 1.48 x 10-" 8.73 x lO- s 59 0.0167 125 
3 9.42 x lO- s 7.74 X 10- s 82 0.0124 336a 

4 1.40 x lO- s 9.87 x 10-" 70 0.0081 259 
5 7.89 x lO- s 4.20 x 10-' 53 0.0049 286a 

River 
Water 

6 1.98 x 10-" 5.01 x 10-' 25 0.0392 53 
7 1.47 x 10-" 3.51 x 10-' 24 0.0220 95 
8 1.12 x 10-" 3.87 x 10-' 34 0.0232 90 
9 1. 38 X 10-" 2.28 x 10- • 16 0.0234 89 

a. Because the solution deptQ was different in these two tests, P = 4.17/k 
for Test 3 and P = 1.39/k for Test 5. 
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To reduce iodine evaporation, two additives were examined 
which promote the formation of the ionic (nonvaporizable) form of 
iodine: ascorbic acid and sodium thiosulfate. In addition, the 
effect of a physical barrier (an oil film) between the solution 
and the air was examined. 

The amount of ascorbic acid and thiosulfate added was such 
as to give a 10:1 mole ratio of additive to total iodine in 
solution. In the oil film test, 1/16-in.-thick layer of vacuum 
pump oil was spread on the water surface, and the iodine was 
injected below the oil film. The results are given in Figures 
10 and 11 in the same form as the previous tests. The solid 
curve for the thiosulfate test in Figure 10 is only an approximate 
fit to the data. Due to the very large reduction in evaporation, 
the 131 1 activity on the carbon bed was very small, and the count
ing statistics were poor. The incremental rises in 131 1 collected 
partially reflect the poor counting statistics. The curve as 
drawn applies to approximately five hours of data, and the final 
saturation value, while indeterminate, is greater than the curve 
would indicate. 

A search of the literature fails to reveal a theoretical 
treatment of partition.coefficient vs. iodine concentration for 
systems with ascorbic acid and thiosulfates as additives, so that 
k values calculated cannot be related to partition coefficients. 
The significance of Table 17, however, is tha·t both ascorbic acid 
and thiosulfate significantly reduce the amount .of iodine 
evaporated over the S-hr test period. 

Conclusions and Future Program 

At 25°C, 16 to 34% of the total iodine in river water 
evaporated in the first 5 hr. Partition coefficients for the 
iodine river water system differ considerably from that pre
dicted for initial iodine concentrations of 0.47 x 10- 5 to 6.6 
x 10- 5 mol/to Additions of ascorbic acid or thiosulfate, in 
the ratio of 10 mol additive to 1 mol iodine, reduce iodine 
evaporation by 0.012% and 0.00066%, respectively, during the 
first five hours of evaporation. All oil film is ineffective in 
retarding iodine evaporation although it slows the rate of 
evaporation initially. 

The potentialities of thiosulfate warrant further evaluation, 
and an evaluation of the radiation stability of the iodine-water
thiosulfate system is planned in the soCo irradiation facility. 
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TABLE 17 

Results of Additive Tests 
, 

cov cov 
(at start), (evaporated) , :II Iodine k, 

Additive moZ moZ Evaporated min- 1 

Ascorbic 
acid 2.65 x 10-' 3.15 x 10- 8 0.012 0.00937 

Sodium 
thiosul-
fate 1.64 x 10- • 1.08 x 10-" 0.00066 0.00940 

Pump oil 2.33 x 10-" 2.04 x 10-"a "-88\a 0.00009 

a. Actually 2.8\ had evaporated a1 the end of 5 hr; however, extrap
olation of the equation on Figure 11 to saturation ( t ~ 46 days) 
indicates that ultimately "'88% will evaporate. 

I 
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Tests similar to those described in this report will also 
be performed to evaluate the performance of potassium iodide as 
an additive. KI is of interest because it can form KI., which 
is relatively nonvolatile. Also, the possibility of isotopic 
exchange with the iodine of methyl iodide needs to be examined. 
The effectiveness of KI in this role will be examined through 
the use of methyl iodide tagged with 1'11.* 

HEPA FILTER TESTING 

Exposure of small test HEPA filters to simulated Savannah 
River reactor accident conditions were expanded to measure per
formance of filters made from different types of filter media, 
and sealants following gamma irradiation and/or service exposu~e. 
The most-severe accident test sequence (discussed in previous \ 
reports as Test l7,B) and a new test intended to rupture the 
filters were used to characterize filter performance. Test 
conditions, test filters, and filter pretreatment are reviewed 
in the following sections. Test facilities were described in 
previous reports. 7,B,11 

Test Conditi ons 

Aaaident SimuZation Test 

Temporary pressurization of the reactor room by rapid release 
of steam from an inadequately cooled reactor was calculated to 
produce a flow surge through the filters that would peak at a 
maximum of ~8.S times normal flow and would last about 2S sec. 
Following this flow surge, the flow would decrease to a value 
limited by the total pressure developed by the exhaust fans 
(~-in. H20) and the total flow resistance of the confinement 
system. Steam in the reactor room would be diluted with building 
supply air flow and would cause the temperature of the steam and 
air mixture flowing through the confinement filters to decrease 
from ~90 to ~30°C in about 5 hr. Test conditions simulating 
these conditions are shown in Table 18. Following the flow surge, 
the ~P was limited to that which could be produced by the exhaust 
fans in the confinement system. Test filter ~p and flow were 
monitored throughout every test to determine moisture pluggage as 
a function of test exposure time. 

* The release of fission-product iodine could be accompanied by 
some formation of methyltiodide as a result of the presence of 
organics in the coolant water. Methyl iodide is very volatile, 
and isotopic exchange mar be a means for minimizing the release 
of iodine. 

- 38 -
t. 



TABLE 18 

HEPA Filter Accident Simulation Test Conditions 

MuZtipZe of Temperature of 
NormaZ 8teom-Airo HEPA Pi Ztero 6P, 

Time FZow Rate Mizture~ ·c in. H2O 

0 to 25 sec 8.5 92 No Limit 

25 sec to 4 min <1. 0 92 <5 

4 min to 14 min <1.0 80 <5 

14 min to 20 min <1.0 70 <5 

20 min to 30 min <1. 0 60 <5 

30 min to 40 min <1.0 50 <5 

40 min to 2 hr <1.0 40 <5 

2 hr to 3 hr <1.0 35 <5 
I 

3 hr to 5 hr <1.0 30 :<5 

Filtero Rupture Test 

Although calculations indicate the most severe steam-air 
flow surge through the confinement filt.ers would not last longer 
than ~2S sec, a more severe test, intended to rupture the test 
filter. was developed to characterize more co~letely the dif
ferent filters being tested. This rupture test exposes the filter 
to a steam-air mixture at 80·C and three times the normal flow 
rate until gross rupture occurs. A steam-air mixture temperature 
of 80·C was chosen because the greatest liquid water entrainment 
occurs when steam is mixed with air at 2S·C to give a mixture 
temperature of 80·C. Maximizing this liquid entrainment produces 
the most severe condition for the test filter. 

Test Fil ters 

Smaller filters with internal construction identical to full
size filters (filter media, separator arrangement, and spacing) 
were fabricated by manufacturers of full-size HEPA filters using 
filter media designated Type F and Type E in Reference 17. These 
test filters (10 to 15 fts/min rated flow) are shown in Figure 12. 

Because the internal spacing of media and separators is 
identical to that in a full-size filter. moisture pluggage and 
media rupture in these filters i~ considered representative of 
the performance of a full-size filter. However, performance of 
small separator-less filters or of adhesives in small test filters 
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cannot be considered completely representative of a fUll-size 
filter. This is particularly true following radiation exposure 
because of geometric differences between full-size and small test 
filters, and the resulting stresses applied to the filter pack can 
be significantly different. Gross failure of a filter by blowing 
the filtration media completely out of the casing would probably 
occur at a lower AP for the full-size filter than for the smaller 
filter because the center of the full-size filter pack is not as 
strongly supported. In 1962, Savannah River tests of full-size 
filters with separators indicated the filter media would rupture, 
thereby reducing the filter AP,before the filter pack could be 
blown out of the casing. 18 

FIGURE 12. Test HEPA Filters 

Type F Fitters 

Six groups of test filters were fabricated by combining 
either all-glass fiber or glass-asbestos fiber filter media 
(Media F in Reference 17) and a foam or a rubber-base adhesive 
(Adhesives A and B, respectively, in Reference 17) into filters 
with and without aluminum separators. For purposes of identi
fication, the following abbreviations have been combined to 
designate each filter group: 

G: all-glass media 
GA: glass-asbestos m~dia 
S: aluminum separators 
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For example, G-NS-RB identifies a filter with all-glass media, 
no separators, and a rubber-base adhesive. All Type F filters 
have chromized steel casings. 

Type E FiUere 

Test filters were also fabricated from materials used in 
Savannah River confinement filters by the manufacturer of the 
full-size filters. The filter media (Type E in Reference 17) is 
a glass-asbestos fiber media enclosed in cadmium-plated steel 
frames with aluminum separators. 

Type E FiZtere with Serviae Expoeure 

Type F and Type E test filters are currently being exposed 
to confinement system air flows before performance testing. Four 
of these filters have been removed after 4- and 6-months service 
exposure. To indicate the expected performance of service
exposed filters, test filters were fabricated in the laboratory 
from media removed from full-size filters following service in 
the confinement system. Type E filter casings were used for the 
laboratory fabricated filters following rupture testing with the 
original filter pack. 

Faci 1 iti es 

The 60Co irradiation facility" was used for irradiation of 
test HEPA filters and other materials at a dose rate of ~3.5 x 10 ' rad/hr. Dry air flowed through each test filter during irradiation 
to maintain an air temperature of ~60·C and to remove gasses from 
radiolysis of air and decomposition of materials. 

The carbon test facility was used to measure the effects of 
service exposure in eitu and is located adjacent to the confinement 
filter compartments in one reactor area. Air flow upstream of the 
confinement filters is drawn through a full-size moisture separator, 
through 36 HEPA test filters, and finally through 40 test carbon 
beds. Test HEPA filters exposed in this facility were used to 
confirm results of tests with laboratory-fabricated, service
exposed filters. 
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Results 

FiZter Rupture Test 

TYpe F FiZters. Exposure of Type F filters to ~3 times 
the normal flow of steam and air at 80·C caused moisture pluggage, 
which is shown as increasing filter ~P with increased exposure 
time in Figure 13. Filters exposed to 2 x 10 8 rads in the 60Co 
facility before testing became plugged and ruptured in from 100 
to 250 minutes. Unirradiated filters plugged so slowly that the 
tests were terminated after 120 min. because rupture in a reason
able period of time appeared unlikely. 

Exposure to flowing steam-air mixtures continued until a 
rupture in the filter was visible, even though in one test t~e 
filter ~P stabilized indicating a possible rupture before visuble 
rupture. Rupture ~P varied widely. It depended partially on 
whether the filter media ruptured initially at a fold around the 
end of a separator, or between pleats in a separator. Partial 
collapse of folds occurred in some irradiated filters without 
separators. Several typical ruptured filters are shown in 
Figure 14. 

35r---.,---.,--.., 

I Unirradial.d rill.,. I I/rrodiClted 01 2 x 108 rods I ! 
30 

'0 

o--o--c---a-c--cJ 5fi c ul C '3Ft 

oOL----~50L-----~'O~O--~ o 50 

/ 

) 
I 

100 I~O 

Exposure, minutes 

Filter 
o G-S-RB 
• G-S-FA 

c G-NS-RB 
• G-NS-FA 

A GA-S-RB 
.. GA-S-FA 

x Filter Ruptured 

200 250 0 

FIGURE 13. R~pture of Type F HEPA Filters 
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Replacement of test facility moisture separator units with 
units that had been exposed to ~8 x 108 rads in the GO Co facility 
caused more-rapid filter pluggage and rupture. The Tej10n fibers 
in the irradiated moisture separators were washed completely from 
the stainless steel wire mesh in the fir~t two minutes of steam
air exposure, allowing entrained moisture to pass through the 
separator and collect on the test filter. 

Filters constructed with the foam a~hesive appeared to plug 
more slowly than filters with the rUbberjbase adhesive. Such 
behavior would not be expected unless flw bypassed the filter' 
media by leaking through the foam adhesi e. During tests, how
ever, no leakage through either adhesive was observed. post-tes,t 
examination revealed the rubber-base adh sive curled away from i 
the metal filter casing after irradiatio~ and exposure to steam1 
air flow, and, infrequently, loss of bon4ing between the foam 
adhesive and the metal casing was observ,d. 

Type E FiZters. Several Type E fillers were exposed to 
rupture test conditions following irradi~tion to 1 x 10 8 , 2 x 10 8 , 
and 6 x 10 8 rads. 

Comparison with a new, unirradiated Type E filter is shown 
in Figure IS. After 120 min. of exposur~, rupture of the unirra
diated filter appeared unlikely, while Pl,uggage and rupture of 
irradiated filters occurred more rapidly ',With increased radiation 
exposure. When an irradiated (8 x 10 8 r ds) moisture separator 
was substituted in the test facility, mo~sture pluggage and rupture 
was more rapid. ! 

Although filters with the greater rltdiation exposure ruptured 
more rapidly, they ruptured at higher pressure differentials, 
apparently contradicting previous data w~ich showed decreased wet 
strength of filter media with increased ~adiation exposure. 17 

This behavior could result from less pen~tration of moisture into 
the media during the shorter exposure, tinje before rupture or from 
random differences in individual filter oonstruction. 

The filter adhesive of a ruptured Type E filter curled away 
from the casing following irradiation and, steam-air exposure; 
this behavior was similar to that of the rubber-base adhesive 
on Type F filters. 

Type E FiZters with Serviae Exposur~.' Test filters fabricated 
with media from full-size filters with 4-, 7-, 11-, and l3-months 
service in the confinement srstem were eXposed.to rupture t 7st 
conditions. Filters with 4- and 7-months serVlce plugged wlth 
moisture but did not rupture in 400 min of exposure, but filters 
with greater service ruptured rapidly. When an irradiated (8 x 
10 8 rads) moisture separator was substituted, pluggage and 
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rupture of downstream filters was even more rapid (Figure 16). 
Filters with 7- and ll-months service were exposed to 2 x 10 8 rads, 
and then were exposed to rupture test conditions with a new, un
irradiated moisture separator in the test facility. Both 
filters plugged more slowly initially than unirradiated 7- and 
II-months service filters, but they did rupture. 

Moisture pluggage of filter media having confinement system 
service was more rapid because the hygroscopicity of the soot 
layer collected on the media during continuous air flow. This 
soot layer absorbed moisture from flowing steam-air mixtures 
much more readily than did clean, nonhygroscopic, glass-fiber 
filter media, even when the moisture repellency of the clean 
filter media was completely destroyed by radiation exposure. 
The presence of irradiated moisture separators aggravated the 
problem. The reduced removal of entrained moisture by the 
irradiated moisture separator exposed the hygroscopic soot on the 
filters to even higher moisture levels. However, the data (Figure 
16) indicate irradiation reduces the hygroscopicity of the service
accumulated soot layer and also reduces the residual moisture 
repellency of the filter media. 
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Acaident SimuZation Test 

Type F FiZters. Type F filters (both unirradiated and follow
ing exposure to 2 x l08'rads) were exposed to simulated accident 
test conditions (Table 18). Filter flow and ~p were monitored 
during each test to determine moisture pluggage. 



Moisture pluggage can be expressed as. the measured IIp across 
the filter at a selected flow rate of steam-air mixture divided 
by the measured (or calculated) llP at that same flow rate of clean 
dry air adjusted for fluid density difference~. This llP ratio was' 
determined for each test filter at various times throughout each 
five-hour test. 

Calculated confinement system flow is expressed in percent 
of calculated normal flow with clean, dry HEPA filters (Figure 17) 
for each group of Type F filters (except group G-S-FA which is 
shown in Figure 18 for comparison with Type E filters). With the 
exception of group G-NS-RB filters, the initial calculated flow 
reduction from pluggage of Type F filters was less than 10%. As 
will be discussed in a later section, this initial flow reduction 
is of more importance than similar flow reductions at later times. 
The characteristic dip found during the first 25 min. exposure is 
caused by maximum liquid entrainment occurring in the flowing 
steam-air mixture at a temperature of 80·C (period from 14 to 20 
min. in test sequence, Table 18). Liquid entrainment decreased 
at lower temperatures. 

With the exception of G-NS-RB filters, performance of Type F 
filters was only slightly affected when filters were exposed to 
2 x 10· rads and when an irradiated moisture separator was substi
tuted in the test facility. The unique behavior of the G-NS-RB 
filters, especially with an irradiated moistuTe separator, may be 
the result of irregular moisture repellency tTeatment of the 
media. This supposition was not confirmed. 

One G-S-RB filter and one GA-S-RB filter were exposed to 
confinement system service in a reactor area for 6 months. 
Simulated accident performance of these filters was poorer than that 
for new irradiated filters but similar to performance of service
exposed Type E filters (Figure 19). 

Type E FiZtere. Simulated accident performance of Type E 
filters was determined following exposure to 1 x 10 8

, 2 X 10 8
, and 

6 x 10 8 rads. Calculated confinement system flows for each of 
these filters (Figure 18) were compared to that for a new, un
irradiated Type E filter. Although initial flow reduction was 
similar to that for the Type F filters, the unirradiated Type E 
filter showed better flow recovery, while the irradiated filters 
showed slightly greater decreases in flow with continued steam-
air exposures. Substitution of irradiated moisture separator 
resulted in only a small effect~ similar to that for Type F filters. 

Type E FiZtere ~ith Serviae! Test filters fabricated with 
media removed from full-size filters with 4-, 7-, 11-, and 13-
months service in the confinement system were tested under simu-
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lated accident conditions. Calculated confinement system flow is 
shown in Figure 18 as a function of filter history. More severe 
flow reductions occurred for filter media with greater service 
exposures. Further flow reductions with substitution of an 
irradiated moisture separator were also more severe for media 
having longer service. Irradiation significantly improved per
formance of filters with 11- and l3-months service. 
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FIGURE 19. Reduced Flow through Service-Exposed HEPA Filters 
under Simulated Reactor Accident Conditions 

One Type E filter was exposed to 4-months service and another 
to 6-months service in a reactor area. Simulated accident per
formance agrees closely with performance of laboratory fabricated 
filters. 

Application of Results 

Because the most severe flow surge postulated through the 
Savannah River confinement system is calculated to last no longer 
than 25 sec, rupture of confinement HEPA filters, even if radiation 
damage to moisture separators occurs, appears unlikely for filters 
with less than l3-months service and/or radiation exposure of 
less than 6 x 10 8 rads. I 

Tests in operating Savannah River reactors have shown that 
sufficient subatmospher~c pressure following a reactor accident 
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could be maintained at lesser air flows than have been calculated 
for any of the filters tested. 

The reduction in confinement system flow when HEPA filters 
plug with moisture depends on: fixed pressure-flow characteristics 
of the system (pressure losses in ducts, fan head, etc.); variable 
operating conditions (number of exhaust fans, filter compartments 
on line, etc.) at the time of the postulated accident; and the 
increased pressure loss across the HEPA filters. Carbon adsorbers 
would be heated by decay of radioiodine ads~rbed from the flowing 
air stream. Carbon temperatures following the accident would 
depend on the quantity of radioiodine reaching the adsorbers and 
several transient parameters. ' 

The temperature of the steam-air mixture reaching the carbon 
adsorbers has been discussed previously (Table 18) and would be 
expected to decrease exponentially with time; this decrease would 
cause the carbon adsorber temperatures to decrease following the 
accident. Radioiodine decay (especially for the short-lived 
isotopes) would reduce the rate of heat generation and thus 
carbon adsorber temperatures following the; accident. Reduced 
confinement system flow would result in slower removal of decay 
heat and higher carbon adsorber temperatures. Such reduced flow 
would also retard the transport of the radiQiodine to the carbon 
adsorbers and allow greater decay before adsorption. 

The combined effect of these transient parameters is that 
calculated carbon temperatures are increased by reducing system 
flow; however, the actual temperatures are strongly affected by 
the time interval between the accident and the occurrence of 
significant flow reduction. Temperatures calculated from per
formance data on a number of test filters and currently allowed 
confinement system operating conditions are at a maximum 20 to 
30 min. after the accident occurs. The maximum calculated 
temperature at the carbon beds is well below the ignition 
temperatures of most carbons, and sufficiently belOW the tempera
ture at which significant thermal desorption of iodine would be 
expected. 

As discussed in this and previous reports, HEPA filter 
construction materials and complete filters have been subjected 
to several types of tests to determine performance characteristics 
following radiation and service exposure. The purpose of these 
tests was to correlate measured deterioration in materials and 
filter performance under simulated accident conditions as a basis 
for optimum confinement filter ~urchase and operating specifi
cations. 

As a result of this work, 'tests of media water repellency 
I 
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were adopted at the Government-Industry Meeting on Filters, 
Media, and Media Testing at Oak Ridge, Tennessee, in 1972 as a 
standard technique for evaluating radiation degraded filter 
media. 19 

The water repellency test has also been correlated with 
simulated Savannah River performance of service-exposed filters 
as shown in Table 19. 

A policy of: a) initial (one ti~e) qualification of a 
prospective filter supplier through l$.boratory-simulated acCident 
testing of filters, and b) routine phrsical property tests on 
each roll of filter media, provides a4equate quality assurance 
and has been adopted in Reactor Confinement HEPA Filter Purc~ase 
Specifications for the Savannah River Plant. . 

TABLE 19 

Comparison of HEPA Filter Simulated Accident Performance 
and Water Column Penetration Time 

Sepviae Initial Water Co lwnn 
Exposuroe, Pi ltel' Flow Pene tl'ation 
months Reduction, %a Time 

None 5 >48 hr 

4 14 > 4 hr 

7 13 > 4 hr 

11 36 209 b sec 
13 47 66 secb 

48 47 S7 secb 

a. During first 20 min of simulated accident test. 

b. Average of 10 tests. 
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APPENDIX - CALCULATING IODINE EVAPORATION 

The theoretical treatment of the partition of iodine between 
gas phase and water at various pH, as performed by Eggleton,lS 
contains an error, as shown by the following re-examination of 
his mathematical treatment. 

Eggleton shows that the following four reactions are 
significant. 

[ I 2 ] KI aq. 

12 (gas phase) ... 12 (aqueous) KI = (1) ... 
[I 2] 

, 

gas-phase 

K2 
[ 13 ] 

12(aq.) + I- ... I"3 K2 (2) ... = 
[I2] aq. [I-] 

K3 [H+] [d [HIO] 

h(aq.) + H20 ! H+ + r- + HIO K3 = (3) 

[12] aq. 

K. [H20r+] [1-] 

H20 ! + (4) 12(aq.) + H20 I + I K. = 
[I2] aq. 

Also, since there is no net oxidation or reduction in a hydrolysis 
reaction: 

(9) 

The partition coefficient (P, in his nomenclature) is defined as 

p = g-mol 12/t water 
g-mol I.J t gas 

p = 
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By substituting in Equation 9 expressions for [I;], [HIO] and 

[H20I+] as obtained from Equations 2, 3, and 4 and solving for 

I , one obtains: 

p = 

Eggleton's E~uation 11 is in error in that his denominator is 
given as [I2J aq. K, rather than [12] aq./K. While this may 
be only a typographical errOr, it is also difficult to reconcile 
his plots of P vs. [Id aq. with the corrected equation. We \ 
have, therefore, recalculated these curves; the results are \ 
given in Figure 1. 
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