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3TUDIES OF IODINE ADSORPTION AND DESORPTION ON 
HTGR COOLANT CIRCUIT MATERIALS 

M. F. Os"borne 
E. L Compere 
H. J. de Nordw»iis 

ABSTRACT 

Safety studies of the HTGR system indicate that radio-
active iodine, released from the fuel to the helium coolant, 
may pose a problem of concern if no attenuation of the amount 
of iodine released occurs in the coolant circuit. Since 
information on iodine behavior in this system was incomplete, 
iodine adsorption on HTGR materials was studied in vacuum 
as a function of iodine pressure and of adsorber temperature. 
Iodine coverages on FesO^ and Cr203 approached maxima of 
a"bout 2 x lO1^ and 1 x 10ll+ atoms/cm2, respectively, whereas 
the iodine coverage on graphite under similar conditions was 
found to be less by a factor of about 100. Iodine desorption 
from the same materials into vacuum or flowing helium was 
investigated, on a limited basis, as a function of iodine 
coverage, of adsorber temperature, and of dry vs wet helium. 
The rate of vacuum desorption from FegO^ was related to the 
spectrum of energies of the adsorption sites. A small amount 
of water vapor in the helium enhanced desorption from iron 
powder "but appeared to have less effect on desorption from 
the metal oxides. 

1. INTRODUCTION 

High-temperature gas-cooled reactors (HTGRs) are cooled by helium 
at about 50 atm pressure. Any volatile fission products which escape 
from the fuel to the coolant may t>e carried around the circuit to the 
heat exchangers and circulators. Thus, all surfaces within this primary 
coolant circuit are potential collectors, by condensation or reaction, 
of any impurities in the helium coolant. Iodine is the fission product 
most likely +o be a problem in this system because: (l) it is produced 

•Present address: Dragon Project, A.E.E. Winfrith, Dorchester, 
Dorset, ENGLAND. 
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in fission in relatively large yield; (2) it is readily volatile from 
damaged fuel particles and migrates rapidly through graphite; (3) accumu-
lation in the cooler parts of the circuit, such as the steam generators or 
coolant circulators, could limit access for maintenance; and (U) with 
appreciable release from the primary circuit, the radionuclides (especially 

represent a significant biological hazard, both to operations 
personnel inside the containment building and to the local population 
surrounding the plant area. 

Considerably effort has been applied to predicting the conditions 
and iodine concentration within the coolant circuit of a large HTGR. Our 
studies have been based la.-T' ly on information obtained from the safety 

2 3 
analysis reports for the Fort St. Vrar'.r and Summit Power Stations. 
Table 1 lists the most significant iodine fission product nuclides, along 
with their properties and calculated core inventory in a 2000-MW{t) HTGR. 

The pyrolytic carbon coatings on the fuel particles are essentially 
impervious to the noble gases and iodine. Nevertheless, a small fraction 
of the particles have defective coatings as a result of fabrication, and 
some others fail for various reasons during operation. Consequently, the 
fraction of the fuel particles releasing iodine is expected to increase 
during the life of the fuel. However, it is not possible to estimate 
precisely the amount of iodine that is released from the fuel to the 
coolant or to predict accurately the distribution of iodine between U the condensed and gas phases. Compere, Osborne, and de Nordwall, in 
general agreement with others, have calculated that the partial pressure 

-9 -12 
of iodine in the coolant should be in the range 10 to 10 atm, 
depending on release rate and deposition rate. 

Since the hazards of radioactive iodine have been recognized for 
many years, iodine behavior under conditions which can be related to the 
reactor system has been investigated widely. In the HTGR, the nature 
of the metal surfaces available to the iodine will vary, depending on 
the alloy composition, the coolant purity, and the temperature. The ad-
sorption of iodine from flowing gas streams onto various structural metals 5 6 has been investigated by Zumwalt et al., Davis et al., Neill, Gray, and 

7 8 Kress, and Rosenberg, Genco, and Morrison. In these tests, helium was 
generally used as the carrier gas and the iodine partial pressures were 



Table 1. Data for fission product iodine in a ?,000-MW(t) HTGR 

Iodine 
isotope Half-life 

Decay 
constant 
(sec"1) 

Yield8-
(i) 

Equilibrium 
core , . b inventory 

Estimated 
inventory 
in coolant 
circuit0 

(g) 

127 Stable 0.366 5.13 x 103 g 63 
129 1.6 x 107 y 1.38 x 10~15 1.274 1.49 x j.04 g 211 
131 8.065 d 9.95 x 10""7 3.079 6.03 x 107 Ci 0.068 

(473 g) 
132 2.284 h 8.02 x 10~5 4.434 8.45 x 107 Ci 1.3 x 10"4 

(8.47 g) 
133 20.8 h 9.25 x 10~6 6.358 1.21 x 108 Ci 5.1 x 10"3 

(107 g) 
134 0.88 h 2.22 x 10~4 6.612 1.28 x 108 Ci 4.2 x 10-5 

(4.74 g) 
135 6.7 h 2.87 x 10~5 5.569 1.14 x 108 Ci 5.7 x 10"*4 

(33.0 g) 

a 233 got Average of yields for and U thermal fission obtained from M. E. Meek and B. P. Rider, 
Compilation of Fission Product Yields, NEDO-1215^ (1972). 

bFrom Ref. 3, amendment 6, Table 12.1.3-1, December lb, 1973. 
cFrom Ref. b, p. 13; after 40 years of operation. 
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relatively high, ^10 to 10 atm. Other investigators have studied 
iodine deposition on metals and metal oxides in vacuum, specifically 
Milstead, Bell, and Norman,9 Bull and Neill,J'0 Neill,11 and Hoinkis.12 

In addition, Hoinkis conducted a comprehensive review of the various 1 3 studies of iodine deposition as related to the reactor system. 
However, none of these workers studied iodine behavior at pressures as 

-9 
low as 10 atm, and very little data for iodine adsorption on metal 
oxides were found. In addition, desorption data were quite limited. 
Consequently, this experimental program was begun in an effort to 
provide a more specific understanding of iodine behavior in HTGRs, -9 

especially at partial pressures of <10 atm. According to Compere et 
al., very small amounts of steam leakage into the coolant are likely 
to make the coolant slightly oxidizing. Depending on the H^/H^O ratio, 
Fê Ojj is likely to be the dominant surface material up to temperatures 
of about 1*00°C. At higher temperatures, Cr_0o or FeCro0, would be c. 3 d. 4 

expected. Bare metal (primarily iron) could exist under some circum-
stances but is considered less likely. In addition to the metal surfaces, 
the very large volume of graphite in the reactor core may adsorb iodine. 
Therefore, Fe_0, was selected as the first test material; further studies -11 
included tests on Cr90„, iron, and graphite. Iodine pressures of 10 

-5 
to 10 atm were employed in adsorptions on powder samples in vacuum at 
temperatures of 200 to T00°C. Desorption tests were conducted on some 
of the materials in vacuum and in flowing helium, both isothermally and 
with a linear heating rate. The effect of steam on the desorption rate 
was investigated by adding a small amount (^3%) of water vapor to the 
helium sweep gas in some tests. 

2. EXPERIMENTAL SYSTEMS AND PROCEDURES 

Two of the primary requirements of the enclosure material for these 
studies were (l) that it be relatively unreactive with both iodine and the 
sample materials to the maximum test, temperature, and (2) that it be 
suitable for high vacuum operation. Pyrex and quartz were selected; the 
former was convenient for the attachment and detachment of sample ampoules, 
while the latter was used in the more critical components, such as the 



specimen plates in a low-temperature (^550°C) apparatus, and throughout 
a high-temperature (up to 800°C) apparatus. The "basic experimental system 
and procedure were designed and the initial experiments were conducted 
by Hoinkis.^ 

2.1 Adsorption Test Apparatus 

The adsorption apparatus is shown in Fig. 1. A conventional vacuum 
system (not shown) composed of a mechanical pump, a mercury diffusion 
pump, and four liquid nitrogen-cooled trans, was used to maintain the 

— 6 

system pressure at or below 1 x 10 torr during experiments. Two dry 
ground-glass joints were utilized to restrict (not seal) the flow within 
the apparatus. Ground joint 1 (Fig. 1) was closed after thorough degassing 
of the apparatus, but before iodine was admitted. Ground joint 2 was 
closed during the period when iodine was being transferred from the sealed 
ampoule to the temperature-controlled source trap. These two joints were 
manipulated magnetically. Organic impurities and the formation of organic 
iodides were minimized by careful preparation of the apparatus and the 
absence of lubricated joints or valves. The three joints above the ad-
sorption chamber were sealed with 0-rings made of Viton, which is stable 
at somewhat higher temperatures than neoprene. The large cold trap (not 
shown) was monitored regularly for radioniodine; no more than a small 
fraction of the available iodine escaped past ground joint 1 during any 
experiment. 

The iodine source trap was designed to maintain a constant tempera-
ture in the range -50 to -100°C (223 to 173°K). A Dewar flask contained 
liquid nitrogen at -196°C (77°K). A second Dewar equipped with a stock-
cock and needle valve for controlling the insulating vacuum separated the 
liquid nitrogen from the ethanol bath that cooled the iodine trap. A 
small electric heater immersed in the ethanol provided the fine tempera-
ture control (+_ 0.1°C) required to maintain the constant iodine pressure. 

The powder sample was located on a quartz plate in the adsorption 
chamber, which was heated by a surrounding furnace. At the conclusion 
of an adsorption test, the powder could bs dumped "by tilting the quartz 
plate approximately 90° with an electromagnet. The five-legged powder 
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Fig. 1. Experimental apparatus for iodine adsorption studies. 
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divider permitted division of the powder into five (or less) fractions, 
each contained in vacuo in a breakseal-equipped ampoule, for use in subse-
quent desorption tests. Twelve thermocouples (Chromel-Alumel, with 
stainless steel sheaths) were located at various points - three each on 
the adsorption chamber and the iodine source trap - for temperature 
measurement and control. The amount of adsorbed on the powder was 
determined continuously by gamma-ray spectrometry. Counting, temperature, 
and time data were i-ecorded at regular intervals by a teletype and tape 
punch, which facilitated data processing. Other temperature and pressure 
data were recorded by strip-chart recorders. 

2.2 Desorption Test Apparatus 

Vacuum desorptions from Fe^O^ only were conducted in a quartz appa-
ratus, which is illustrated in Fig. 2. The specimen was located on a. 
stage near the center of the spherical desorption chamber between two 
large liquid nitrogen-cooled traps, which very quickly collected the 

-7 
desorbed iodine. The pressure, as measured by an ion gage, was about 10 
torr at the beginning of each desorption test. Specimen temperature was 
measured by two Chromel-Alumel thermocouples made of 0.1-mm wire (to mini-
mize thermal inertia) insulated by high-purity Al„0o. The amount of iodine d. j 

on the Fe^O^ was measured by gamma-ray spectrometry, as in the adsorption 
tests. The two independent channels of the data acquisition system could 
simultaneously collect and record data from both adsorption and desorption 
experiments. 

Figure 3 shows the apparatus that was used for studying iodine Re-
sorption into flowing helium at atmospheric pressure. In each run, the 
powder specimen was placed on a fritted quartz disk in a vertically 
mounted furnace tube. The sample ampoule was suspended from a rod which 
included a bulb designed to ensure uniform temperature and prevent back-
diffusion in the flowing gas. Sources of pure helium and a helium—1% H^ 
mixture were available; a controlled amount of water vapor could be added 
to the carrier gas by diverting it through a water bubbler. All components 
of the carrier gas system from the water bubbler to the cold trap were 
heated to a temperature greater than 100°C to prevent condensation. Ti.o 
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desorbed iodine and water vapor were collected in a liquid nitrogen-
cooled trap. 

Chromel-Alumel thermocouples were used for temperature measurement 
and control. Three thermocouples located in a thermowell at the "bottom 
surface of the fritted quarts plate were shown to agree well (+_1%) with 
test thermocouples in contact with a specimen on the top surface of the 
plate during preliminary temperature-ramp experiments. 

2.3 Test Materials 
131 

The I tracer was obtained as a solution in sodium thiosulfate 
(NagSgOg). Natural iodine (as reagent-grade Nal) carrier was added, and 
elemental iodine was prepared via the decomposition of Pdl^ as described 
in Appendix A. Three small (^1%) fractions of solution were removed for 
use in spectrometer calibration during the adsorption experiments. A 131 
typical preparation involved about 5 mCi of I in 10 to 20 mg of natural 
iodine, which was subdivided into two or three approximately equal fractions 
for use in adsorptions. The specific activity of the source iodine was 7 7 
initially about 2 x 10 to 3 x 10 disintegrations per second per milli-
gram of iodine. After six to eight weeks the activity had decayed below 
a level of marginal usefulness, approximately 1 x 10^ disintegrations 
per second per milligram iodine; thus preparation of another source 
was required. 

Suitable purity and composition of the specimen material were estab-
lished by spectrographic and x-ray analyses; the specific surface areas 
were determined by the BET method. The adsorbent materials were charac-

1k 

terized as shown in Table 2. Two different batches of were used 
in these experiments. The initial experiments were conducted with mate-
rial prepared by Sweeton and Baes.1^ The second batch of Fê Ojj was ob-
tained from Rocky Mountain Research, Incorporated, upon exhaustion of 
first supply. This material was shown to have similar properties except 
for a somewhat higher surface area. 

With the exception of the H-327 graphite, all of the adsorbent mate-
rials were used essentially as received. Since the graphite was obtained 
in bulk form, it was crushed, ground, and sieved to the desired particle 



Table 2. Properties of materials used in iodine adsorption tests 

Source 
Fe3°4 Fe Cr2°3 H-327 Graphite 

Great Lakes Carbon Corp. Source ORNL Rocky Mountain 
Research, Inc. 

Mallinckrodt 
Chemical Works 

Atomergic 
Chemetals 

H-327 Graphite 
Great Lakes Carbon Corp. 

Bulk Powder 
BET surface area 0.16 0.25 0.14 37.5 0.41 3.76 

m2/g 
Particle size, p < 50 < 250 < 100 < 100 < 250 
Crystallite size, 222 216 170 (104 peak) Lc = 206 

A0 (311 peak) (311 peak) 244 (110 peak) Lc = 331 
Major impurities (ppm) (ppm) (ppm) (ppm) (ppb) (ppb) 

Ag 75 < 1 < 5 15 40 
Cu 100 50 4000 5 20 500 
Fe M M M 30 300 600 
Mn 250 500 1000 2 30 400 
Si 30 50 1000 80 8000 5000 
Al 250 50 700 10 200 900 
Ni 100 10 100 1 30 200 
Pb 50 < 10 < 25 1 600 900 
Mg 50 25 600 30 60 400 
Mo 50 < 25 250 15 40 
Ca < 5 < 5 500 10 200 600 

Microphotos, 200X 200X 200X 200X 200X 
Magnification 1000X 1000X 1000X 1000X 1000X 

20,000X 20.000X 10,000X 10.000X 10.000X 
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size, <250 y. In spite of precautions to prevent contamination, analyses 
indicated a somevhat higher level of most impurities in the powder (see 
Table 2). 

2.k Experimental Conditions and Procedure 

2.1».l Adsorption experiments 

In preparation for an adsorption test, the apparatus was evacuated 
at U00 to 500°C vintil the pressure was less than 10~^ torr. The iodine 
ampoule was attached, and the Fe^O^ powder (^1.9 g) was loaded while the 
apparatus was "being flushed with clean helium at approximately 100°C. 
The Fe^0^ sample was vacuum baked at 1*00°C and about torr overnight 
"before beginning the experiment. The counting efficiency was rechecked 
with a standard from the same iodine preparation as the source mate-
rial. Counting rates at the collimating slit and across the adsorption 
chamber were compared with previous measurements to check alignment and 

133 
to evaluate self-shielding by the specimen. A Ba standard (same gamma-
ray energy, but a 7.2-year half-life) was used as an alternate standard 
and to check for drift of the spectrometer during each experiment. The 
amount of iodine on the specimen was calculated from measurements of 
these standard sources and the observed counting rates during the 
experiment. 

The experiment was begun by slowly transferr: ig the source iodine 
from the ampoule to the lower end of the source trap, which was cooled 
by liquid nitrogen. After this step was completed, both the adsorbent 
specimen and the iodine source were carefully adjusted to the respective 
desired temperatures before opening the ball joint (ground joint 2 in 
Fig. l). The iodine vapor pressure values of Honig and Hook"^ were used 
to establish the temperature corresponding to the desired pressure at 
the source. The counting rate increased as iodine was adsorbed on the 
powder, usually approaching an equilibrium loading within three days. 
When the counting rate indicated near equilibrium, either the iodine 
pressure or the adsorbent temperature was changed and the next equilib-
rium loading wasi approached. After the desired adsorption tests had 
"been completed, the quartz plate supporting the powder was rotated 90°, 
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the powder was dumped into the sample divider, and the connecting tube 
was sealed with a torch. After a slow cooling period, the powder was 
subdivided intc Ihe separate ampoules, and the adsorption apparatus was 
cleaned in preparation for the next test. 

2.h.2 Vacuum desorption experiments 

Iodine desorption from F e ^ i n vacuum was investigated with the appa-
ratus shown in Fig. 2. The powder specimen was distributed on the quartz 
stage by breaking the tip of the breakseal and vibrating the ampoule mag-

« -7 
netically, with the desorption chamber at approximately 50°C aid 10 torr. 
Aiuar the initial counting rate had been established, the linear tempera-
ture increase was begun and continued to 500 to 550°C, where only 5 to 
10% of the iodine remained. Heating rates of 1.2 to 10°C,'min and counting 
intervals of 100 to UoO sec were used. Isothermal desorptions were con-
ducted similarly except that the specimen was deposited on the stage at 
approximately 250°C and, after initial counting, the temperature was in-
creased very quickly to the desired level. For iodine adsorbed at 250°C, 
isothermal desorptions were conducted at both 250 and 350°C. 

2.U.3 Transpiration desorption experiments 

The apparatus shown in Fig. 3 was used to measure desorption into 
a gas stream. The atmosphere of the furnace tube was purified by evacu-
ating and flushing with clean helium. The powder specimen was distributed 
on the frittei quartz disk in the same manner as in vacuum desorptions, 
and the initial counting rate was measured at ^50°C. These experiments 
were conducted at linear gas flow rates of about 5 to 20 cm/sec (volume 

•3 

flow, 100 to UOOO cm /min). The gas composition was either dry helium 
(total 02, HgO, and CO content, <1C ppm< or helium—3% H20. After flow 
stabilization, the specimen temperature was increased, either at a slow 
linear rate or in a large step to 300°C or higher. The desorption rates 
were measured in the same manner as in the vacuum desorption experiments. 
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2.5 Data Collection and Processing 

The instrumentation system and the flow of data are illustrated in 
Fig. k. Conventional instruments were used for the measurement, control, 
and recording of temperature and pressure. Thermistors located inside the 
Devar flasks actuated solenoid valves for liquid nitrogen flow to the cold 
traps of the high vacuum system and the iodine source trap. The preset 
timer actuated the teletype to record the counts from both spectrometers, 
the time of the counting interval, the specimen temperature in millivolts, 
and the running time from the beginning of the experiment. The same data 
were recorded on seven-channel paper tape, from which it vas transferred 
to standard data cards or read directly into the computer. Two computer 
programs (one for adsorption and one for desorption) vers used to smooth 
the data, to correct for background and decay, to calculate the standard 
deviation, the relative counting rates, and the adsorption or desorption 
rates, and to plot the results. The printout from the teletype was used 
to display the raw data during an experiment and was retained for a 
permanent record. 

3. RESULTS AND DISCUSSION 

As indicated previously, several experiments were conducted on five 
adsorbent materials. The adsorption experiments are discussed first, 
with emphasis on comparison of the equilibrium coverage for the different 
materials. The results of the desorption experiments are presented 
following this discussion. 

3-1 Adsorption Experiments 

Two different techniques were used in investigating iodine adsorp-
tion: 

(l) In short-term experiments, an Fe_0, specimen was exposed to a 
— Q 

relatively high iodine pressure (10 to 10 atm), usually 
at 250°C for approximately one day or less. Thus, some general 
knowledge of surface capacity was obtained and specimens 
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Fig. U. Schematic diagram of instrumentation and data collection 
system. 
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for desorption studies were provided. Although no particular 
effort was made to reach equilibrium in these experiments, a 
relatively close approach was usually indicated, as shown in 
Fig. 5. The Fe^O^ from these adsorption tests was used in 
desorpticn studies, which are discussed in Sect. 3-2. 

(2) Extended-term experiments were designed to obtain adsorption 
equilibrium conditions at a series of particular iodine source 
pressures and sample temperatures. By rapidly changing one 
of the variables to a new condition, we obtained a succession 
of equilibrium values. (In practice, the measured values were 
usually near-equilibrium values because of the asymptotic 
approach.) The experiments normally required several weeks, 
depending on the number of pressure-temperature steps and the 
rate of adsorption. 

3.1.1 Adsorption on Fe^O^ 

We conducted three equilibrium experiments in which the Fe^O^ was 
maintained at constant specimen temperature (200, 300, and UOO°C, 

— 1 1 — 7 

respectively) and the iodine source pressure was varied from 10 to 10 
atm. Because of concern that the characteristics of the specimen (es-
pecially the surface activity) might vary from experiment to experiment, 
an additional effort was made to cover the range of conditions with a 
single specimen; thus we measured the equilibrium adsorptions at 250, —11 -7 
350, and 1»50°C over the iodine source pressure range 10 to 10 atm. 
Data from the two types of equilibrium experiments are shown in Table 3. 
Because of the thermal transpiration effect and the dissociation of I 
at the higher temperatures and lower pressures (see Fig. 6), it was neces-
sary to calculate the partial pressures of the two species (P and P * 13 2 
at the hot Fe^O^ specimen as was done by Hoinkis. 

In correlating the amount of iodirxe adsorbed with iodine pressure, 
the total number of iodine atoms (or iodine burden), defined as 

P = P + 2P T I » 
was selected as most appropriate for plotting the isotherms, for the 
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Table 3. Equilibrium iodine adsorption data for Fe.O, 

Iodine source Specimen Iodine burden®, Iodine coverage 
Temperature Pressure temperature P + 2PT on specimen 

(°C) (atm) (°C) (atm) (atoms/cm2) 

-96 1.0 - 11 200 2.99 - 11 I4.I + 13 
-96 1 .0 -11 250 2.59 - 11 3.U + 13 
-96 1.0 - 11 350 2.65 - 11 2.1 + 13 
-96 1.0 - 11 lt00 2.76 - 11 2.0 + 13 
-96 1.0 - 11 1(50 2.86 - 11 6.0 + 12 

-86 1.0 - 10 200 3 . 0 9 - 1 0 8.1 + 13 
-86 1.0 - 10 250 2 . 8 5 - 1 0 7-9 + 13 
-86 1.0 - 10 300 2.5T - 10 8.7 + 13 
-86 1.0 - 10 350 2.59 - 1 0 5.0 + 13 
-86 1.0 - 10 ltOO 2.68 - 10 3.0 + 13 
-86 1.0 - 10 l»50 2 . 7 8 - 1 0 1.0 + 13 

-75 1.0 - 9 200 3.06 - 9 1.2l» + lit 
-75 1.0 - 9 250 3.07 - 9 1.26 + lU 
-75 1.0 - 9 300 2.79 - 9 1.2b + lb 
-75 1.0 - 9 350 2.58 - 9 9.9 + 13 
-75 1.0 - 9 ItOO 2.6l - 9 7.3 + 13 
-75 1.0 - 9 It 50 2.71 - 9 2.7 + 13 

-63 1.0 - 8 250 3.09 - 8 1.65 * lU 
-63 1.0 - 8 300 3.05 - 8 1.9 + lb 
-63 1.0 - 8 350 2.79 - 8 1.1*2 + lit 
-63 1.0 - 8 ltOO 2 . 6 1 - 8 1.33 + 
-63 1.0 - 8 1»50 2.6k - 8 9-1* + 13 

-U9 1.0 - 7 250 3.03 - 7 1.75 + 
-1+9 1.0 - 7 350 3 . 0 5 - 7 1.60 + lit 
-1+9 1.0 - 7 too 2.83 - 7 1.52 + lit 
-h9 1 . 0 - 7 U 5 0 3.0B - 7 1.27 + lU 

aln gaa phase at specimen. 
Exponential notation 1.0 - 11 = 1.0 x 10-11, 2.99 - 11 - 2.99 x 10-11, 4.1 + 13 - 4.13 x 1013, etc. 
°Adsorption measurements at 200 and 300°C were conducted on specimens of ORNL material (see Table 2); 
other data were obtained from Rocky Mountain Research material. 
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Fig. 6. Fraction of iodine dissociated, a, as a function of total 
iodine pressure and temperature. 
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reasons discussed by Compere et al. ̂  Values of P̂ , for the various experi-
mental conditions are shown in Fig. 7- The data from all of the equilibrium 
adsorption experiments, except those made at a specimen temperature of 
200°C, are shown in Fig. 8. It is apparent that the data at 250, 350, and 
450°C, which were obtained with the same specimen, are more consistent; 
consequently, these results are considered to be the more accurate. It 
should be noted that the values obtained at 200°C (unplotted) are essen-
tially coincident with the 300°C curve. 

The data in Fig. 8 indicate that the iodine adsorption on Feo0, may 
•>U , 2 U 3 4 

approach a limit at about 2 x 10" atoms/cm . Compere et al. concluded 
that for chemisorption, in which each iodine atom is associated with an 

lit iron atom in the Fe„0, structure, a maximum of 2.8 x 10 adsorption 
sites/cm*1 might be available, depending on tve crystal orientation of the 

2+ 3+ 
exposed surfaces and the ionization state of the iron atoms (Fe or Fe ). 

The data shown in Fig. 8 were correlated with a Temkin isotherm of 
the form 

In P T = In 3 — + BQ - C, 
where PT is the total iodine burden in atmospheres and 0 is the fraction 
of the limiting coverage. If we assume this coverage to be a monolayer 

l U , 2 

of 2 x 10 atoms/cm , the values of the constants B and C at the respec-
tive teraperatures are as tabulated below: 

Temperature (°C) B C 

200-300 6.26 23.71 
350 5-90 22.12 
U o o 7 . 8 1 2 2 . 0 6 
h50 9.36 22.U9 

3.1.2 Adsorption on Crg°3 

The alloys that make up the surfaces of HTGR primary coolant systems 
contain chromium and nickel. An examination of the thermochemistry of the 
chromium-iodine and nickel-iodine systems is presented in Appendix B. It 
may be concluded that at system temperatures, solid Crl0 is more stable 

li 1 3 than solid Nil_ and also somewhat more stable than solid FeF_. ' 
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However, an HTGR primary coolant is expected to contain traces of moisture, 
and the high stability of CrgO^ and FeCrgO^ indicates** that surface chromium 
will undoubtedly be in the oxidized rather than the metallic form. Conse-
quently, the adsorption of iodine on Cr^O^ surfaces is of particular interest. 

Two adsorption experiments were conducted on Cr^O^. An exploratory 
experiment conducted at specimen temperatures of !+00°C and 500°C utilized 
an iodine source pressure of about 5 x lO-"1"0 atm. The subsequent equili-
brium experiment was conducted at specimen temperatures of 300 to 700°C 
and iodine pressures of 10-11, and 10~® atm. The resulting data 
showed the iodine coverage to be less than that found on Fe^O^ by about a 
factor of 2. These data, including the corrected iodine pressure at the 
sample, are shown in Table ^ and plotted in Fig. 9. 

Adsorption proceeded very slowly at 700°C and a source pressure of 
-12 

3 x 10 atm. Although calculations of atom transport rates from source 
to sample in the system indijated that equilibrium should probably be 
approached within one day (see Appendix C), appreciable adsorption was 
not apparent after two days. For this reason, the temperature of the spec-
imen was lowered to 600°C where adsorption was significantly faster. 
Subsequent analysis revealed that, although some adsorption had occurred 
at 700°C, it was barely detectable in our system. A temporary malfunction 
of the temperature control system allowed an excursion in the iodine — 7 — 1 0 * 

source pressure to about 10 atm during the 500°C and 10 atm step; this 
excursion caused a large increase in iodine adsorption (up to about five 
times the expected amount). The excess iodine was desorbed by reducing 
the source pressure to 10-1"*" atm and increasing the specimen temperature 
to 700°C for a few hours. However, upon resumption of the test conditions, 
rapid adsorption occurred, to about twice the expected coverage. Since 
subsequent adsorption phases were consistent, it may be speculated that 
the high level of adsorption during the iodine pressure excursion caused 
a change in the surface properties of the specimen, which resulted in an 
increase in its absorptive capacity. 

Because measurements of icdine adsorption on Cr^G^ were accomplished 
at only three pressure levels, the shape of the isotherms cannot be 
determined accurately (see Fig. 9)« Nevertheless, the curves were similar 
in shape to the isotherms for Fe.,0,. 



Table k. Equilibrium iodine adsorption data for Cr^O^ 
2 (Cr_0_ particle size < 100 BET surface area = 37.5 m /g) 

BL Experimental Iodine source Specimen Iodine burden , Iodine 
sequence pressure, P temperature P + 2Pj coverage 

(step number) (atm) (°C) (atm) 2 (atoms/cm2) 

1 3.us 12b 700 1.13 n b c 
2 3.U2 - 12 600 1.09 - 11 0.37 + 12b 

3 3.U2 - 12 500 1.02 - 11 l.U + 12 
U 3.U2 - 12 uoo 0.95 - 1 1 3.5 + 12 
5 3.U2 - 12 300 0.88 - 11 8 . 7 + 1 2 
6 3.U2 - 12 700 1.13 - 11 0.35 + 12 
7 U.08 - 11 700 1.33 - 10 0.73 + 12 
8 U .08 - 11 600 1.26 - 10 1.7 + 12 
9a U.08 - 11 500 1.19 - 10 d 
9b 3.U2 - 12 700 1.13 - 11 d 
9c U.08 - 11 500 1.19 - 10 7.U + 12 

10 U.08 - 11 uoo 1.11 - 10 1.7 + 13 
11 U.08 - 11 600 1.26 - 10 0.UU + 13 
12 3.7U - 9 600 1.09 - 8 1.7 + 13 
13 3.7U - 9 500 1.03 - 8 U.2 + 13 
lU 3.7U - 0 j Uoo 0.97 - 8 7.0 + 13 

aIn gas phase at specimen. 
^Exponential notation: 3-^2 - 12 = 3.1+2 x 10"12, 1.13 - 11 = 1.13 x 10"11, 
0.57 + 12 = O.37 x 1012, etc. 

cNo equilibrium in two days; net count rate was less than one-tenth back-
ground, corresponding to < 0.1 x 1012 atoms/cm2. 
failure of coolant supply to iodine source, P ~ 10*"̂  atm, and coverage 

2 x 1013 atoms/cm2. Source was cooled to reduce pressure; specimen was 
heated to desorb excess iodine; second approach to equilibrium was begun. 
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Using the same Temkin expression, 

l n P T = r ^ 0 + B G - c -

l U 2 and assuming a limit of 1 x 10 adsorption sites per cm , the values of 
the constants B and C were calculated as follows: 

Temperature (°C) B C 
UOO U.15 22.15 
500 7.33 21.10 
6 0 0 1 7 . 1 2 1 9 . 6 1 

If we assume that chemisorption is the primary mechanism of associa-
tion, the apparently lower number of adsorption sites on Cr^O^ (as compared 
with Fe^O^) may be at least partially explained by the larger oxygen/metal 
atom ratio (1.50 vs 1.33) and the smaller average ionic radius of the metal 
atom (0.63 vs 0.67 X) in Thus* f o r unit surface area, the metal 
atoms would be both fewer and less exposed to the volatile iodine atoms. 

3.1.3 Adsorption on iron 

Iodine adsorption on iron powder was measured in one scoping test at 
— 8 10~ atm and U00°C. The approach to apparent equilibrium is shown in 

2 Fig. 10. Although the iodine coverage (7-5 x 10 atoms/cm ) was about 
four times the maximum observed on Fe_0, , it was much less than the values 

9 1 1 
reported by other experimenters ' at these conditions. According to 

13 
Hoinkis, no solid Felg should have been present under the conditions of 
of our test, whereas solid Fel^ may have existed in some tests that yielded 
much higher loadings. 

Based on a hexagonal-close-packed configuration and a covalent radius 
of 1.33U %., Weill11 calculated that one monolayer of iodine on mild steel —U 2 15 2 was equivalent to U.08 x 10 mg/cm , or 1.93U x 10 atoms/cm . However, 
at a source pressure of 5 x 10 ^ atm, he achieved steady-state loadings 
of only a small fraction of this value in most experiments. At source 
pressures of U x 10~^ atm, Neill reported loadings of approximately ten 
monolayers, apparently largely Fel,,( s). Conversely, Compere et al.^ who 
used an ionic radius of 2.16 % for iodine, concluded that the chemisorptive lU 2 capacity of elemental iron is much less, about U.l x 10 sites/cm , being 
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Fig. 10. Adsorption of iodine (to 7.5 x 10 atoms/cm ) on iron 
powder, illustrating rate of approach to equilibrium coverage. 
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determined "by the spacing of iron atoms that vill permit the establishment 
of Fe-I bonds. This value appears to be more consistent with both the 
structural dimensions of the metal and the experimental data. Apparently, 
Neill's value was based solely on surface areas and did not consider the 
limitations of chemisorption. 

3-l.U Adsorption on graphite 

The adsorption of iodine on H-327 graphite powder was investigated in 
-11 _o 

one experiment with iodine pressures of 10 and 10 ' atin. The resulting 
data are shown in Table 5 and Fig. 11; the measurements at 600°C were 
repeated to investigate reproducibi]ity. The values obtained in the 
repeated measurements at 10-11 atm (after adsorption at 300eC) were about 
70% higher than those obtained originally, whereas the repeated and orig--9 -11 inal measurements at 10 atm agreed more closely. At U00°C and 10 to 
10~9 atm (the only points for direct comparison), the iodine coverage on 
graphite was about a factor of 100 less than that on Fe^O^. 

Our experimental data were compared with results obtained at higher 17 iodine pressures by Castleman and Salzano, and other results reported by 
18 

the General Atomic Company (GAC).* As shown in Fig. 12, the most applica-
ble GAC data and an extrapolation of the Castleman and Salzano equation are 
not in disagreement with the results of our study. Other data reported 19 ?0 by Connor, Lewis, and Thomas, and by Iwamoto and Oishi" indicate lower 
levels of adsorption by a factor of about 100. However, these data were 
obtained at relatively high iodine pressures (10-l+ to 10-1 atm) compared 
with those used in our work. In addition, Iwamoto and Oishi reported 
minimum adsorption at U00°C, with higher levels at both lower (200°C) and 
higher (750°C) temperatures; this behavior is somewhat different from that 
reported by other investigators. They attributed the greater adsorption 
at high temperatures to chemisorption, with physical adsorption dominating 

21 
at temperatures below U50°C. However, Salzano reported appreciable 
chemisorption at temperatures as low as 100°C for low iodine coverage. 

Iodine adsorption on graphite appears to be very sensitive to th« pre-17 
test treatment of the surface. Castleman and Saizano reported that spec-
imens which were vacuum outgassed at different temperature J (200, 900, and 
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Table 5. Equilibrium data for iodine adsorption on 
H-327 graphite powder 

Experimental Iodine source Specimen Iodine burden,a Iodine coverage 
sequence pressure temperature P^ + 2P^ on specimen 

(step number) (atm) (°C) l2 (atoms/cm2) 
(atm) 

1 3.42 - 12b 600 1.09 -
b 1.0 + 10b 

2 3.42 - 12 400 0.95 - 11 5.9 + 10 
3 3.42 - 12 300 0.88 - 11 1.5 + 11 
4 3.42 - 12 400 0.95 - 11 1.0 + 11 
5 3.42 - 12 600 1.09 - 11 1.7 + 10 
6 3.58 - 10 600 1.08 - 9 1.1 + 11 
7 3.58 - 10 400 0.95 - 9 4.1 + 11 
8 3.58 - 10 600 1.01 - 9 8.4 + 10 
9 3.58 - 10 400 0.95 - 9 3.9 + 11 
10 3.58 - 10 300 0.86 - 9 1.25+ 12 
11 J. 58 — 10 200 1.10 — 9 2.7 + 12 

aIn gas phase at specimen. 
bExponential notation: 3.42 - 12 = 3.42 x 10-12, 1.09 - 11 - 1.09 x 10"11, 
1.0 10 1.0 x 1010. 
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Fig. 11. Adsorption of iodine on H-327 graphite powder as a 
function of pressure and temperature. 
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Fig. 12. Comparison of iodine adsorption data fcr various materials. 
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2000°C) increased significantly in adsorptive capacity, and apparently in 
surface activity, with increased outgassing temperature. Our results show 
increased adsorption at 1+00 and 600°C, after the greater adsorption at 
300°C and subsequent desorption; this may imply that iodine tends to dis-
place other surface adsorbates, such as hydrogen. Similarly, Connor, Lewis, 

19 
and Thomas reported that adsorbed hydrogen reduced iodine adsorption, and 
that preadsorption and desorption enhanced further iodine adsorption. The 
formation and subsequent desorption of HI on the adsorbent might explain 
such behavior. This strong influence of hydrogen on iodine adsorption is 
further evidence of chemisorption. 

3.1.5 Relative adsorptive capacities 

Comparison of the adsorption characteristics of Fe^O^, Cr^O^, and 
graphite (see Fig. 12) indicates that Fe^O^ can adsorb somewhat more 
iodine at a given pressure than Cr20^ at 1+00°C. As noted previously, the 
isotherms appear to approach a saturation level, or limit, for Fê Oĵ  of 
about twice that for Cr^O^. For the less complete data we obtained, the 
adsorptive capacity of H-327 graphite was lower by factors of 20 to 200 
when compared with that of the oxides under the same conditions. 

3.2 Desorption Experiments 

The desorption of iodine from the various materials was investigated 
under a variety of conditions. The initial experiments, on Fe_0. in vacuum, 

12 
were conducted and reported by Homkis, -who used the temperature-ramp 
technique in the range 50 to 500°C; that is, the specimen temperature was 
increased at a linear rate (^l°C/min) from 50 to 500°C. He concluded that 
the iodine was adsorbed on the Fo^O^ o v e r a spectrum of energies, as evi-
denced by the temperature range of desorption, and that the desorption 
obeyed first-order reaction kinetics. Our desorption experiments were an 
extension of this work. 
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3.2.1 Deswi /uion from Fe^O^ in vacuum 

The effects of iodine coverage of Fe^O^, heating rate, and specimen 
annealing were investigated briefly in desorption experiments made in vac-
uum. Since the Fe^O^ prepared at ORNL became exhausted during these 
tests, two vacuum desorption tests of the Fe^O^ obtained from Rocky Moun-
tain Research, Incorporated, were conducted. No difference in desorption 
behavior was detected. Specimens of Fe-O. were loaded at 250°C to cover-

13 lU 2 ages of 1 x 10 and 1.5 x 10 atoms I/cm (BET); as illustrated in Fig. 13, 
the iodine that was loaded to a greater surface density (probably near a 
monolayer) desorbed at somewhat lower temperatures. Preferential adsorp-
tion on the higher energy sites at the lower density could explain this 
behavior. As shown in Fig. lU, heating specimens of the same coverage at 
different rates resulted in desorption at lower temperatures for the slower 

12 heating rate, similar to the results reported by Hoinkis. 
The effect of annealing is illustrated in Fig. 1?. Two specimens on 

l U 2 

which iodine was adsorbed to a coverage of 2 x 10 atoms/cm at 250°C were 
annealed at 350°C for 2k hr, then tested at the same conditions as unan-
nealed specimens. We assume that most of the iodine desorbed during the 
annealing process but, being contained in the ampoule, was readsorbed onto 
the Fe^O^ upon cooling. Comparison of the desorption behavior for unan-
nealed and annealed specimens (Fig. 15) shows that the annealing process 
tended to concentrate the adsorbed iodine into a narrower band of desorp-
tion energies; however, it did not affect the temperature of the maximum 
desorption rate (350°C). 

We conducted two isothermal desorption tests (at 250 and 350°C) in 
vacuum; the results are shown in Fig. 16. The increase in desorption rate 
with temperature above the adsorption temperature, which the results of the 
foregoing temperature-ramp tests would indicate, is clearly illustrated. 

3.2.2 Desorption from Fe^O^ in dry or wet helium 

Thermodesorption into flowing helium and helium-steam mixtures of 
iodine adsorbed on Fe^O^ was investigated in a series of scoping tests. 
Interpretation of these data is difficult because of unexplained 
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Fig. 16. Isothermal desorption of iodine from Fe-O^ at 250 and 350°C. 
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inconsistencies in the results. In one group of experiments with Fe_0, on 
lU 2 which about 2 x 10 atoms of iodine per cm had been adsorbed at 250°C, 

desorption into dry helium and into a helium—3% steam mixture was quite 
similar; it began at about 38o°C and reached a maximum rate at about U500 C 
in each case. However, these dat& were discounted because of some un-
certainties in the specimen temperature and in the flow characteristics 
of the sweep gas. After the experimental system had been modified to 
eliminate these uncertainties, desorptions at similar conditions were 
conducted. The results indicated that the desorption began at surpris-
ingly low temperatures (VL00°C) in both gases and were generally linear to 
about 500°C. Thus, without further testing, we cannot state any con-
clusions about the effect of water vapor in helium on iodine desorption 
from Fe^O^. 

3-2.3 Desorption from Cr20„ in dry helium 

Temperature-ramp desorption tests were conducted on two specimens of 
13 2 Cr_0 which had been loaded with about 3 x 10 atoms of iodine per cm at 
— 1 0 

U00°C and an iodine source pressure of 5 x 10 atm. The conditions were 
the same in both experiments: a helium flow of 3.1 cm /min, and a heating 
rate of 2.l8°C/min. As shown in Fig. 17» desorption behavior in the two 
cases was similar except for the somewhat lower desorption temperatures in 
one experiment. Considering the U00°C adsorption temperature and the mod-
erate iodine coverage, desorption (which was essentially complete at 300°C) 
occurred at surprisingly low temperatures. No explanation for the signif-
icant difference in the temperatures of maximum desorption rate (R ) was max apparent. 

3.2.U Desorption from iron in dry or wet helium 
Ik The iron powder that was loaded with 7-5 x 10 atoms of iodine per 

o 
cm at l400°C was divided into four specimens and subjected to thermodesorp-
tion tests in either dry or wet helium. The results were discussed previ-
ously by Compere et al. ̂  The temperature-ramp method (V?0 to 600°C) was 
used in three tests; one isothermal experiment was conducted at 250°C. As 
summarized in Table 6 and shown in Fig. 18, the desorption rate increased 
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Fig. 17. Thermodesorption of iodine from Cr^O_ into flowing dry helium. 



Table 6. Thermodesorption of iodine from iron powder into flowing wet or dry helium 
- 8 Adsorption conditions: 400°C and 10 atm iodine 

lU / 2 
Iodine coverage: 7.5 x 10 atoms/cm 
k' = first-order desorption rate coefficient, sec""'" 
Z* = partition coefficient, (atoms/liter)/(atoms/cm ) 

Helium Values of coefficients at: 
Type of 
experiment 

Heating rate 
(°C/min) 

Flow rate 
(SLFM)a 

Water content (*) 250 °C 
k' Z» 

400 "C 
k' Z' 

550 °C 
Z' 

Ramp 2.0 2.2 0 2 x lO"6 0.016 3 x 10*"5 0.19 k x 10"3 2.0 
Ramp 2.0 2.1+ 3 2 x 10~5 0.l£ 1.5 x 10"11 0.9 5 x 10~h 2.6 
Ramp 2.0 3 U x 10~5 0.l£ 2 x 10"^ 1.2 1.1 x 10"3 2.5 
Isothermal 0 1.0 3 8 x 10"6 o.iU - - - -

aSLPM = std liters/min. 
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vith temperature and with the flow rate oi moist helium. The first-order 
desorption rate coefficients (k' values) were obtained by differentiating 
the curves at 25G, *»00, anl 550°C shown in Fig. 18. Since the desorption 
rate coefficients were proportional to flow, values for the partition 
coefficient, Z' (atoms/liter)/(atoms/cm ), were calculated using the 

b 

expression derived by Compere et al. : 

Z* « A» (atoms/liter)/(atoms/cra2), 

where k' = first-order rate coefficient at T, sec""\ 
2 

A = surface area (BET) of specimen, cm , 
F = gas flow rate over specimen, std liters/sec, 
T = temperature of specimen, °K. 

The values for Z*, shown in Table 6, are reasonably consistent for the 
experiments conducted in wet helium; however, they are much lower for the 
test in dry helium except at the highest temperatures. Thus, we conclude 
that small fractions of water vapor (3%) will significantly increase iodine 
desorption rates from lower-temperature bare metal surfaces of an HTGR 
coolant circuit. 

U. SUMMARY AND CONCLUSIONS 

Since safety studies of the HTGR system indicate that release of 
radioactive iodine may pose a problem of concern if no attenuation of the 
iodine released were to occur in the coolant circuit, we conducted experi-
mental investigations of iodine behavior under conditions comparable to 
those to be expected in HTGRs. The amount of iodine released ^ron HTGR 
fuel will depend on the stability and effectiveness of the coating;-: on 
the fuel particles and on the fuel operating conditions, primarily 'Tempera-
ture. In any event, some iodine is expected to be released to the helium 
coolant and dispersed throughout the coolant circuit. 

A series of experiments was conducted in which we measured, in a 
131 vacuum system, the equilibrium adsorption of iodine (traced with on 

several, of the materials expected to exist on the surfaces of the HTGR 
22 coolant circuit. The adsorbent materials were Fe_0, , Cro0_, iron, and 



graphite, and the range of adsorption conditions were cuu 
-I"1 -7 

iodine pressures of 10 ~ to 10 atm. In all cases, iodine adsorption 
increased with increasing iodine pressure and with decreasing specimen 
temperature. The results of these adsorption tests were consistent &nd 
are sussaarized in Fig. 12. Iodine adsorotion on Fe-,0, accroached a limit 

lU 2 i 
of about 2 x 10 atoms/cn BET surface area; based on the less complete 
data obtained, adsorption was less on by a factor of about 2 and on 
graphite by a factor of about 100. However, additional measurements are 
needed to complete the isotherms in the temperature and pressure ranges 
of interest. The data for graphite compared reasonably veil with results 
reported by other experimenters, but no comparable studies vith the oxides 
were found. The only equilibrium adsorption measurement on iron powder Q TI 
indicated a lower coverage than has been reported previously; ~ our 
vslue, however, appears to be consistent vith the estimated surface capac-
ity for chemisorption. 

A limited investigation vas conducted of iodine desorption frcr. these 
same materials in both v&~uu» and transpiration experiments to a aajcirvus: 
temperature of 600°C. Sonse tesi.s vere isothermal, while others utilized 
the temperr/turc-ramp technique. The results of tests made in vacuus, 12 vhich were conducted on Fe-,0. , agreed vith previous work. The rate of 
isothermal vacuum desorotion frost Fe^O, vrs much faster at 350°C lhan j « 
at £$0°C. 

The data obtained in transpiration experiments for ?e„0. , conducted 
in both vet and dry heliun, were less conclusive. Hovever, in all cases, 
the desorption rate increased vith increasing temperature. The results of 
the series of tests on iron povder indicated increasing desorption vith 
increasing temperature and shoved that the presence of vater vapor 
could significantly increase iodine desorption. Hovever, the exploratory 
nature of the desorption tests should be emphasized; and a more thorough 
and deri?>itive study of iodine desorption from all surfaces of interest, 
especially in tile presence of vr.ter vapor, is needed. 
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6.1 Appendix A: Preparation of Elemental Iodine 

The high-purity sources of elemental iodine used in these adsorption 
experiments were prepared by using a modification of the method developed 

23 11 originally by Carroll and reported by Neill. The apparatus used for 
the preparation is depicted in Fig. A-l. The principal steps of this 
technique are as follows: 

131 (1) Obtain I as a solution in Na^S^O^ (normally 0.2 to 0.5 ml). 
(2) Dissolve about 15 mg of Nal in a part of 2 ml of H O successively, 

131 
add to I solution, and mix well. 

(3) Take three 0.025-ml (25 X) samples, and add each to 1 ml of 
HgO in three different tubes. Transfer the Nal solution to a 
centrifuge tube. Purge the bottle with a small volume of 
water. These three samples are used as standards and analyzed 
for iodine content after completion of all tests with this batch 
of I2. 

(1+) Add 3.0 ml of concentrated PdCl^ solution to precipitate 
Pdlg, and wait 10 min. 

(5) Add 0.3 ml of saturated H^PO^ solution to precipitate excess 
palladium, and mix thoroughly. 

(6) Heat tube with a heat lamp until water vapor appears; then 
wait until solution becomes clear. 

(7) Add distilled water to two-thirds of the volume of the centri-
fuge tube, and mix thoroughly. 

(8) Precipitate Pdl^ by centrifuging, and remove solution by 
decanting. 

(9) Wash the precipitate approximately four additional times with 
distilled water. (Check for I - and/or Cl~ in a separate tube 
by adding Ag+ to the wash water.) 

(10) Dry the precipitate in the centrifuge tube with a heat lamp. 
(Note: Pdl^ begins to decompose at 350°C.) Measure temperature; 
use vacuum line to evacuate centrifuge tube; place silica gel-
charcoal filter between line and centrifuge tube. 

(11) Seal the centrifuge tube to the transfer equipment and evacuate 
system, and outgas the system very carefully by heating it 
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to U00°c (except for tube containing Pdl 2 > for at least 1 hr. 
Use a liquid nitrogen trap to protect the system from pump oil. 

(12) Seal off the system. Add liquid nitrogen to the intermediate 
collemion tube (the one situated between the centrifuge tube 
and the ampoule). 

(13) Slowly heat the precipitate in the centrifuge tube to decompose 
Pdlg. Collect the iodine in the intermediate tube. Seal off 
the centrifuge tube containing palladium sponge. Remove the 
liquid nitrogen trap around the intermediate tube and cool the 
product ampoule instead. Allow the iodide to collect there 
overnight. Do not heat the intermediate tube. 

(lU) Seal the ampoule with a torch while cooling the ampoule in 
liquid nitrogen. 

6.2 Appendix B: Thermochemistry of the Chromium-Iodine and 
Nickel-Iodine Systems 

A brief study of the thermochemistry of the chromium-iodine and nickel-
2h 

iodine systems was conducted and reported previously. The existing 
thermochemical data were collected, as in Table B-l, and elementary equi-
librium calculations of the partial pressures of iodine and the various 
metal iodides were performed. The primary reactions in the temperature 
range of interest (200 to 800°C) are of the form 

M(s) + 21(g) - Mlg(s) Mlg(g) , 

where M = metal. 
However, compounds of the form MI^ and M^I^ may exist at significant par-
tail pressures at the higher temperatures. 

Since most of the relevant experimental work has been conducted at 
temperatures above those of interest in the HTGR coolant, the expressions 
used in these calculations required extrapolation. Equilibrium constants 25 
determined by Cerny and Bartovska were used to calculate the partial 
pressures in the Cr-I-Crlg(s) system. The partial pressures of the 
chromium iodides and iodine in equilibrium with Cr and Crl^Cs) are 
displayed in Figs. B-l and B-°. The solid curve in Fig. B-2 represents 
the vapor pressure of Crl^s) the dashed lines represent the partial 



Table B-l. Thermochemical data for iodine and iodides 

Element 
or 

compound State8, 
Melting 
point 

("c/ °k) 
^298 

(kcal/mole) 
0° 

298 
(cal/deg mole) 

^298 
(kcal/mole) 

CP 
(cal/deg mole) 

Free energy function = • 
(cal/deg mole) 

298 °C 500 °K 1000 °K 
•(G° - Hgg) 

1500 °K 

X2 s UU/387b 0 27.758° 0 13.011° 27.758° 33.^38° 51.89^° ?9-62ltc 
X2 g lit. 92^° 62.281° «t.631C ft-8lU 62.281° 63.286° 66.8l8° 69.573° 
I g 25.537° 16.800° J».968c U3.l81tc U3.7U70 h5.70? lf7.J30c 
Cr s 1900/2173d 0 5.68e 0 5.58e 5.68d 6.38d 9.0lfd 11.27d 
Crlg s 793/1 -37.5® 36.9f -35.5s 36.h 38 . h 1)6.h 5tf.h(/)S 
cn 2 g 2lt.e f 

95.3 8»f.2h 86.oh 92.0h 96.6h 

Crl2 s -lt9.0e 
Crl3 g 
Crl4 g Lr 
Ni s 1^52/l725d 0 7.14® 0 6.23e 7-H»b 7.90b 10.77* 13.09b 
Nilg s 797/l070h -18.7® 3U.d -23.d 32-h _i h >t2.h 50.hU)a 
Nil2 S 31.h 82.5h 8lt.2h 90.2h 95.0h 

^s = solid; g = gap; I = liquid. 
D. R. Stull and G. C. Sinke, Thermodynamic Properties of the Elements, Am. Chem. Soc. (I956). 
.JANAF Tables, compiled and calculated by the Dow Chemical Co., Midland, Mich. (1965/1966). 
"Bureau of Mines Bulletin Wo. 605 (1963). 
~NBS Technical Note 270-fr (19&9XT 
R. F. Rolsteil, Iodide Metals and Metal Iodides, Wiley, New York, 1961. 

Cerny and L. Bartcvska, Coll. Czech. Chem. Cconrun. 21 (1966). 
Leo Brewer, G. R. Samayajulu, and Elizabeth Brackett, Chem. Rev. 63. (1963). 
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pressures of Crlg(g) in equilibrium with 1(g) and Cr(s) at different 
temperatures. Similar data were obtained for Crl^ and Cr̂ Iĵ  at lower 
partial pressures. 

The results of these calculations were compared with siailar data 
13 

for the iron-iodine system reported by Hoinkis. As illustrated in 
Fig. B-3, the partial pressure of Fel2(g) in equilibrium with Felg(s) + Fe 
is relatively higher, by several orders of magnitude, them the partial 
pressure of Crlg(g) in equilibrium with the solid phase and the metal. 
In addition, P^ exceeds P^,^ at temperatures up to about 680°C, whereas 
PpeI exceeds P^ at all tempiratures of interest. Although the thermo-
chemfcal dat'i for the Ni-I system were relatively sparse, and probably 
less precise, some calculations were made. Based on values reported by 26 27 Brewer et al., and by Schafer et al., the partial pressures of Nilgtg) 
v-ire found to be several orders of magnitude lower than those for 
Crlg(g) in this temperature range. 

6.3 Appendix C: Iodine Transport from Source to Specimen in 
Pseudo-Isopiestic Adsorption Experiments 

The time required to transport, from the low-temperature source to 
the specimen, the number of iodine atoms corresponding to equilibrium 
loading could be considerable for high-surface-area specimens in experi-
ments conducted at a low iodine pressure. 

The molecule flux, n, derived from kinetic relationships given by 
28 Dushman and Lafferty may be written as: 

n = 8.3 x 1022 PK(l05/MT)li/2, molecules cm"2 sec-1, 

where 
P = pressure, atm, 
M = molecular weight (25k for Ig), 
T = absolute temperature, °K, 
K = conductance factor, 1/(1 + 'g length/radius). 

—12 For the relatively severe condition: P = 3 x 10 atm, at -100°C, 
11 -2 -1 n = 3.8 x 10 K molecules cm sec 
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The iciine flow is of "the order of 1012 atoms/sec for an orifice 
(K = l) about 1.2 cm in diameter. Under this condition, for example, 
a loading of up to about 10^3 atoms/cm could be established on a 

2 
specimen surface of 1 m in about one day. 

Based on such considerations, it is concluded that transport times 
should not be restrictive except for high-surface-area specimens at 
lowest iodine pressures. 


