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çIao;P;ofessor, 

The uork herein described concerns an investigation 

into tiie feasibility of separating the principal 
isotopes 

of hydrogen, hydrogen and deuterium, by means of selective 

adsorption. In addition to the separation investigaton, 

experimentally determined basic data regarding 
the adsorp- 

tion of hydrogen and deuterium by zirconium 
and an alloy 

of titanium and zirconium are given. 

The experienta1 equipment and apparatus used 
during 

this investigation consisted of three principal groups. 

The first group contained automatically controlled 
glass 

cylinders for storage and measurement of gas volume. The 

second group included a combustion tube, an automatic 

temper&ture controlled electric tube furnace, and a contin- 

uous positive displacement mercury gas circulating pump. 

The third group consisted of a sensitive 
thermal conductivit 

cell used for gas analysis. Time, combustion tube temper- 

ature, gas volume, and gaseous mixture analysis were contin- 

uousiy recorded by a converted temperature 
recording instru- 

ment. 
The procedure followed during this investigation 

is 

described in the text of the thesis, 

The experimental results obtained during the 
inves- 

tigation concerning the separation of tae 
isotopes has 

been forwarded to the Atomic Energy Commission. 
The basic 

data obtained during the investigation 
'ias as follows. 

An atmospheric isobar for the adsorption 
of hydrogen 

and deuterium by zirconium was determined. 
'1ithin experi- 

mental accuracy, the two gases are equally 
adsorbed within 

the temperature range investigated. 
A comparison of the results of the hydrogen 

adsorbed 

by zirconium as observed during this investigation 
and 

work previously published by other investigators 
is shown 

graphically. 
The experimentally determined atmospheric 

isobars for 

the adsorption of hydrogen and deuterium 
by an alloy of 

zirconium and titanium (35' by wt. Ti) was found to be 

approximately the same within experimental 
accuracy. 

A family of isotherms was obtained for 
the adsorptior 

of deuterium by zirconium. Similar sets of isotherms are 

also given for hydrogen and deuterium 
with an alloy of 

titanium and zirconium (35% by 
it. Ti). 
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SEPARATION OF THE PRINCIPAL ISOTOPES OF HYDROGEN 

INTRODUCTION 

Deuterium, a heavy isotope of hydroen of mass 2, 

was reported by Urey, Brickwedde, and Murphy (14, p.l64-l65) 

in 1932. Their method of concentration of the heavy iso- 

tope was by evaporation of a large quantity of hydroen 

to a very small volume. Calculations based upon spectro- 

graphic analysis showed a concentration of l:OO of heavy 

hydrogen to ordinary hydrogen in comparison to 1:4000 in 

the original hydrogen used. 

Since that time, many investigations have been made 

in an attempt to find an economical method of separation 

of the hydrogen isotopes. The principal methods in use 

today are: the repeated electrolysis of water to a very 

small volume, fractional distillation, and diffusional 

methods (4, p.113-131). 

The investiration herein 'ias an attempt to separate 

the principal isotopes of hydrogen by means of selective 

adsorption. The literature reports several facts which 

made this type of separation appear feasible. 

Ilany metals interact with hydrogen. The difference 

between the behavior of the metals with hydrogen has clas- 

sified them into four distinct groups (2, p.552). 

Group 1 consists of the alkali and alkaline-earth 

metals which form true hydrides that are ionic in behavior. 
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Group 2 containing elements such as C, Si, As, Se, S, 

and some metals in the periodic groups 4B, 511, and 611 form 

covalent hydrides. 

Group 3 consisting of metals such as Al, Pt, Ni, Cu, 

Ag, Mo, W, Cr, Co, and Fe form true solutions with hydro- 

gen. 

Group 4 consisting of the metals Ti, Zr, Th, V, Cb, 

Ta, and the rare earth elements form pseudo-hydrides. 

Palladium behaves in a similar manner with respect to 

hydrogen under certain conditions. 

There are striking differences between the solubility 

of hydrogen and metals of groups 3 and /. (2, p.572). 

Metals in group 4 adsorb to iO times as much 

hydroen as the metals of group 3. 

At constant pressure, an increase in temperature 

causes a decrease in solubility of hydrogen in metals of 

group 4 while causing an increase in solubility in the 

metals of group 3. 

Since such large volumes of hydrogen are adsorbed by 

metals of group 4 and a large percentage of this adsorbed 

gas can be recovered by increasing the temperature, these 

metals were used to investigate the possibility of select- 

ive adsorption between hydrogen and deuterium. 

Although no information was available to indicate 

a difference between the adsorption of hydrogen and deut- 

erium on metals such as titanium and zirconium, information 
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had been published regarding the relative amounts adsorbed 

for sorie other metals. 

Sievertz and Zart (11, p.362) reported that the relat- 

ive solubility of hydroen and deuterium in palladium 

varied with temperature. The ratio for the solubility 

of deuterium to that of hydrogen varied from 0.67 at 3000 C 

to 0.91 at 10000 C. 

Sievert.z, Zapt, and Moritz (12, p.33) reported the 

solubility of deuterium in both armco- and carbonyl-iron 

to vary considerably in comparison to that of ordinary 

hydrogen. The variations again occurred with changes of 

temperature. The difference in the value of solubility 

ranged from 0.1 to 0.9 over the temperature range of 600° C 

to 1450° C. 

Sievertz and Moritz (10, p.125) reported that the 

solubilities of hydrogen and deuterium in columbium to be 

practically the same. 

The solubility of deuterium in nickel has been report- 

ed by Sievertz and Danz (9, p.134) to be approximately 

10 percent smaller than that of hydroen in nickel. 

During the adsorption of a mixture of deuterium and 

hydrogen on copper, the rate of adsorption of deuterium 

at -7° C was less than that of hydrogen. Although the 

rates of adsorption were different, the relative amounts 

of each gas adsorbed was approximately the same when 

equilibrium had been attained (1, p.2532). 



Eley (3, p.I.62) reported that 

and deuterium are equally adsorbed 

interchange on the film was rapid. 

equilibrium was displaced in favor 

interchange was detected between a 

and deuterium gas. 

Another possibility of separa 

if 

at 293e K both hydrogen 

on a tungsten film and 

At 770 K, the exchange 

of deuterium so that no 

hydroen-tungsten film 

t.ion of the isotopes 

was that of fractional desorption of the gas mixture from 

the metal after adsorption had occurred. This possibility 

was suggested by the successful results obtained by Peters 

and Lohmar (, p.55) in their investigation of fractional 

desorption of hydrogen and deuterium on activated ciarcoal 

by the use of high vacuum. 



GENERAL DISCUSSION 

Metals in the group containing titanium and zircon- 

ium adsorb large quantities of hydro',en. The calculated 

compositions for these gas-metal sysLems approach stoich- 

iometric proportions. For zirconium the maximum quantity 

adsorbed corresponds to ZrH1 92 and for titanium the 

calculated composition corresronds to Till175 (2, p.573). 

The term often applied to the zirconium-hydrogen or 

the titanium-hydrogen system is "hydride", although more 

recent authors tend to use the term "pseudo-hydride'1. The 

only basis for this classification is the fact that the 

heats of adsorption reported for these systems are com- 

parable to the heats of adsorption given for the hydrides 

of the alkali and alkaline-earth metals. Beyond this point 

the similarity between these "pseudo-hydrides" and the true 

hydrides ceases (2, p.5S). 

For each temperature and volume of gas held by the 

metal, these gas-metal systems exhibit a characteristic 

vapor pressure. Sets of isotherms between the temper- 

atures of 3750 C and 9430 C have been published by Hall, 

Martin, and Reese (5, p.310-315). Data of a similar nature 

were not available for the zirconium-deuterium system. 

From the isotherms of such a system, data can be 

obtained to plot the isosteres as log P vs l/T where P 

refers to the vapor pressure and T to degrees Kelvin. 



From the slopes of such plots the heats of adsorption can 

be calculated by means of the Clausius-Clapeyron equation. 

Smithells stated that there was evidence indicating 

that the heats of adsorption vary as adsorption proceeds 

(13, p.19-20). This fact was brought out by Lacher in his 

work with a palladium-hydrogen system. Lacher (6, p.237) 

assumed the solubility of hydrogen in palladium to be due 

to the existence of a certain number of energy holes. He 

further assumed that hydrogen atoms or protons entered 

these energy holes. ¡le stated, 

.11e must assume that the energy of adsorption 
depends on the number of holes filled, increas- 
ing as the number of holes filled increases. 

Over certain pressure and temperature ranges the 

solubility or adsorption of hydrogen follows the snuare 

root of pressure law. Over other ranges, there is strong 

indication of the coexistance of two phases. The litera- 

ture does not show a complete explanation of the mechanism 

of the adsorption of hydrogen with the metals used during 

this investigation. 

There is disareement in the data available in the 

literature on the adsorption of hydrogen with zirconium 

and similar metals. According to Hall, iIartin, and Reese 

(5, p.316), these variations are attributed to contamina- 

tion of the metal by the presence of oxygen or nitrogen. 

The only solution to the problem of obtaining reprod- 

ucible results seems to ie in using extreme care in the 
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preparation o± metal samples. However, rigid adherence to 

a given method of sample preparation does not aLtays insure 

reproducibility. ;Jith regard to metal production, Smithells 

states, (13, p.l3-l4) 

Even when prepared by the same method different 
samples often show a variation in adsorptive power, 
and when prepared by different methods widely dif- 
ferent results are obtained. 

The procedure used in sample preparation during this 

investigation was as follows: 

a. The metal was handled exclusively by means of metal 

forceps, care being taken not to touch the metal. 

b. The sample was dipped in HF (approximately 5%) and 

rinsed with distilled water prior to admission to the com- 

bustion tube. 

c. The metal was vacuum dried in the combustion tube 

after which the temperature was raised to approximately 

10000 C in vacuo. 

d. If it was desired to admit the gas to the metal 

at a lower temperature, evacuation was continued during 

the entire cooling period. 

Even with the precautions mentioned above, maximum 

adsorption did not always occur during the first adsorpt- 

ion-desorption cycle. It was found that maximum adsorption 

was seldom attained before the system had been through 

approximately three complete adsorption-desorption cycles. 

These cycles refer to the variations in solubility occurring 

with changes in temperature at constant pressure. 



EXPERIMENTAL 

EQUIPMENT AND APPARATUS 

The experimental equipment used during this investig- 

ation is shown in Plate i and Figure 1. 

With reference to Figure 1, the following nomenclat- 

ure refers to the individual pieces of apparatus. 

1. Cold trap (dry ice-alcohol mixture) 

2. Diffusion pump 

3. McLeod gage 

4. Gas circulation pump 

5. Electric combustion tube furnace 

6. Combustion tube 

7. Gas transfer pump (manually operated) 

E. System supply cylinder 

9. Pressure regulating manometer for () 

10. Pressure regulating manometer for (12) 

11. Mercury manometer 

12. Deuterium storage cylinder 

13. Hydrogen storage cylinder 

14. Floi regulator for thermal conductivity cell 

15. Rotary oil vacuum pump 

16. Constant temperature bath 

17. Gas sampling outlet 

l. Thermal conductivity cell 

19. Gas buret 



Plate 1. Experimental Apparatus 
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20. Gas inlet manifold (Ile, FI2, D2) 

21. Volume measurement column 

22. Mercury storage cylinder for () 

23. Mercury storage cylinder for (12) 

24. Mercury storage cylinder for (13) 

25. Cold water condenser 

26. Electrolysis cell 

27. Compressed air line 

2E. Solenoid valve 

29. Solenoid controlled vacuum regulator for (4) 

30. Water circulation pump for (16) 

In addition to the apparatus listed above were such 

pieces of equipment and apparatus as an air compressor, 

gas cylinders and regulating valves, voltage rectifier, 

control panels to the various pieces of equipment, and a 

constant voltage regulator composed of a Brown recording 

potentiometer, voltage rectifier and divider, and a 7.5 

KVA Powerstat. 

A detailed description of sorne of the more important 

pieces of apparatus follows. 

The system supply () was constructed of a 2 inch 

diameter glass tube 34 inches long. Gas held in the 

system supply was stored over mercury. Since the volume 

of gas within the cylinder was constantly changing due 

to adsorption or desorption of gas by the metal sample, 

the gas pressure was maintained substnntially at 
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atmospneric pressure by varying the volume of mercury with- 

in the column. This was accomplished by attaching an 

inclined pressure regulating mercury manometer (9) to the 

system supply. The manometer had two inclined arms on 

a i to 5 slope. Three electrical contacts were incor- 

porated in the manometer. One contact was a common terminal 

while the other two were closed by either an increase or 

decrease of gas pressure. The contacts activated relays 

which in turn opened and closed solenoid valves leading to 

the steel mercury storage cylinder (22). A decrease in 

gas pressure operated the solenoid valve which admitted 

compressed air into the mercury storage cylinder thus forc- 

ing mercury into the system supply. An increase in pressure 

opened the solenoid valve which allowed some of the compress- 

ed air within the mercury storage cylinder to escape to the 

atmosphere thus lowering the mercury in the column. 

To insure mixing of the gas within the s:,rstem surply 

cylinder, a 36 inch riser of 12 mm glass tubing was extend- 

ed vertically from the top of the supply cylinder. ;1ithin 

the riser was an open end 34 inch glass tube supported by 

a glass ball floating on the mercury surface within the 

system supply cylinder. The outside diameter of the tube 

was slightly smaller than the inside diameter of the riser, 

thus allowing passage of the tube through the riser without 

binding. Gas entered the top of the riser, passed through 

the glass tube and entered the system supply just above the 
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mercury surface. Gas leaving the system supDly left through 

a glass line attached to the top of the large glass cylind- 

er. Circulation of the gas through the entire system 

caused gas to enter the bottom of the supply cylinder and 

leave at the top thus facilitating mixing of the gas. 

Although the pressure in the main section of the system 

was maintained at atmospheric pressure, the pressure within 

the combustion tube (6) could be maintained under a vacuum 

condition. This was achieved by placing a solenoid valve 

in the gas line between the system supply and the combustion 

tube. A full length mercury manometer (il) was installed 

between the solenoid valve and combustion tube. An elect- 

rical contact was placed in the bottom of this manometer 

and another contact lowered into the atmospheric arm of the 

manometer. A normally closed relay was activated by these 

contacts and controlled the solenoid valve, Since gas was 

being continuously drawn from the combustion tube by the 

gas circulating pump (4) attached to the opposite end, the 

variable contact could be lowered within the manometer to 

a given position and the solenoid valve would allow only 

sufficient gas to enter the combustion tube to maintain the 

desired pressure. 

A continuous record of volume in the system was obtain- 

ed by feeding to the Celectray recorder the voltae drop 

occuring across a variable resistance produced by a sub- 

stantially constant current. A 10 mm glass tube (21), 
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open to the atmosphere, ias attached to the mercury line 

between the mercury storage cylinder and the system supply. 

Since the pressure within the supply cylinder was maintain- 

ed at atmospheric pressure, the mercury level in the glass 

tube was substantially the same as that in the system 

supply. The electrical circuit used to record the volume 

consisted of a two volt battery and a voltage divider to 

maintain a constant applied voltage to the circuit com- 

posed of a 175 ohm fixed resistor in series with two lengths 

of 24. gage nichrome wire which were suspended inside the 

10 mm glass tube. The voltage drop occuring across these 

two lengths of nichrorne wire as the mercury in the tube 

shorted out varying lengths of the wire was fed to the 

Celectray ("Tag") recorder. Although this arrangement gave 

a slight variation from linearity between the volume and 

the voltage drop, this deviation did not interfere with 

the volume calibration. 

A hinged, multiple-unit type electric furnace (5) was 

used to heat the vycor combustion tube. The furnace open- 

ing was 1 1/4 inches in diameter and 12 inches in length. 

The maximum safe operating temperature was 1000 degrees 

Centigrade with a power consumption of 750 watts. 

The temperature was regulated by means of a Micromax 

temperature controller. The furnace circuit was arranged 

to allow either full or reduced voltage to be fed to the 

furnace. The 1Iicromax controller activated a relay which 
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cut in or by-passed a series resistance to the furnace. The 

Micromax was controlled by a chrornel-alumel thermocouple. 

The temperature range of the instrument was OO to 2000 de- 

prees Fahrenheit. Temperature control below the lower limit 

was obtained by adding a booster circuit to the thermocouple. 

In this manner, temperature could be controlled over the 

entire range used in this work. The accuracy of control was 

approximately plus or minus two degrees Centigrade. 

The vacuum produced to evacuate the system and degas 

the metal samples was obtained by use of a metal diffusion 

pump type MC-275 (2) manufactured by Distillation Products, 

Inc. backed by a Cenco-Hypervac 20 rotary oil fore pump 

(15). The vacuum attained was measured by a JIcLeod gage 

(3) of a Flosdorf modification manufactured by F. J. Stokes 

Machine Company. The vacuum lines were a combination of 

3/4 inch glass and copper tubing. The joints were made by 

wrapping para rubber tape over metal strips which had been 

placed over the joint. Over the rubber tape a covering of 

a 50-50 mixture of bees wax and rosin was applied. 

Deuterium used in the investigation was produced by 

electrolysis of deuterium oxide. Anhydrous sodium sulfate 

was used as the electrolyte. 

The electrolysis cell (26) consisted of a 12 mm glass 

"W' tube, 4 cm between risers, 15 and 30 cm long on the 

cathodic and anodic arms respectively. The variation in 

length allowed the deuterium oxide to rise in the anodic 
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arm when the deuterium pressure increased. Electrodes viere 

of 16 gage platinum wire spirals 4. cm in length. The 

electrodes extended to within 4 cm of the bottom of the 

tube. Mercury well contacts extended through the ground 

joint tops of either arm. 

The deuterium generated in the electrolysis cell passed 

through a cold water condenser (25) and a dry-ice alcohol 

cold trap (1) to remove any deuterium oxide carried by the 

gas. From the cold trap, it passed into the deuterium stor- 

age cylinder where it was stored over mercury. The mercury 

level within the storage cylinder was controlled by an in- 

clined pressure regulating manometer (10) similar to that 

used to control the system supply. 

A continuous record of time, temperature, volume, and 

gas analysis was recorded on a Celectray recording instruríi- 

ent. The instrument was designed as a single point record- 

er. To allow its use for recording several variables, a 

solenoid vías installed in the instrument. This solenoid 

periodically raised and lowered the recording pen. The 

input circuits for the variables other than time were con- 

trolled by a rotary switch. The motor driven rotary switch 

made one complete revolution every 3.75 minutes thus allow- 

ing 105 seconds for each of the three variables. The first 

70 seconds allowed sufficient time for the recording pen to 

travel to its proper position; during the last 35 seconds 

of each variablet s recording period, the rotary switch 
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closed the solenoid circuit which lowered the recording 

pen to the record chart. 

The pump used to circulate the gas through the system 

was a positive displacement mercury pump (4.). It was con- 

structed of two 25 mm diameter 15 inches long glass cylind- 

ers connected at the bottoms by a rubber tube. To the upper 

end of the gas pumping cylinder was attached a set of glass 

check valves which would allow the gas to pass in one direc- 

tion only. Connected to the other glass tube ïas a vacuum 

pump and an outlet tube vrhich could be opened or closed to 

the atmosphere by means of a solenoid plunger (29). Control 

of this solenoid was based upon the principal that less 

current is required to hold the plunger of a solenoid in 

position than to lift it originally. Two electrical con- 

tacts were inserted through the bottom of the control cyl- 

inder; one was a corirnon terminal while the other was con- 

nected to a fixed resistor in series 'rith the solenoid. 

At heir'hts corresponding to 10, 25, 50, 75, and 100 cc 

volume above the bottom contacts were placed other contacts 

connected directly to the solenoid through a volume selector 

switch. At atmospheric pressure, the mercury level within 

the control cylinder was below the two bottom contacts. As 

a vacuum was applied, the rising mercury column made contact 

between the two lower contacts allowing a small current to 

flow through the solenoid. This current was not sufficient 

to lift the solenoid plunger. however, as the mercury 



continued to rise, contact would be made with the selected 

volume contact allowing sufficient current to flow through 

the solenoid to raise the plunger which allowed air to flow 

into the cylinder thus causing the mercury column to drop. 

The plunger would be held in the raised position until the 

circuit between the bottoi two contacts was broken, at which 

time the plunger closed the air inlet causing the cycle to 

repeat itself. By this means a positive displacement action 

was imparted to the mercury piston in the pumping section 

of the circulation pump. 

The thermal conductivity cell (le) used in the anal- 

ysis of the gaseous mixtures consisted of a 2 mm glass tube 

with a platinum wire 0.0006 inch in diameter and 7 cm in 

length suspended through the center of the tube. Te inlet 

side of the cell was attached to the discharge line from 

the gas circulation pump. The outlet side of the cell was 

connected to the system supply cylinder. The entire cell 

was placed in a constant temperature bath (16). A very 

accurately controlled constant voltage was applied across 

the series circuit consisting of a 3.5 ohm fixed resistor 

and the thermal conductivity cell. The voltae drop across 

the fixed resistor was fed to the recording circuit. In 

addition to the recording instrument and timing switch, the 

recording circuit had a resistor inserted in one leg of the 

circuit across which a constant potential was applied in 

opposition to that originating at the 3.5 ohm resistor in 
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the conductivity cell circuit. By proper regulation of 

this opposing potential, the voltage applied to the record- 

ing instrument could be cut dom to transmit only the dif- 

ference between the current flowing through the cell dr- 

cuit corresponding to the variation of platinum wire tern- 

perature. Jire temperature change corresponded to the var- 

iation between the thermal conductivity of the hydrogen 

and that of deuterium. Use of the opposing potential 

method allowed a 1arre amplification of the difference 

between the thermal conductivities of hydrogen and deut- 

erium. Calibration of the analysis was made on a series 

of prepared mixtures. Through a system of timing controls 

and solenoid valves, provision was made to periodically 

by-pass the gas directly to the system supply with::ut flow- 

ing through the cell (14). During the by-pass period, 

thermal equilibrium between the hot platinum wire and the 

glass tube would be attained under static conditions. 

During the latter portion of this static period, the anal- 

ysis would be recorded on the Celectray recording instru- 

ment. 

CALIB RAT I ONS 

The volume calibration of the gas storage cylinder 

and the system supply cylinder was determined by direct 

measurement. The cylinders were completely filled with 

water at approximately 200 C and calibrations made by 



transfering fixed amounts 

calibrated container. To 

incremental markings, the 

large amounts of water wi 

ers. 

The volume contained 

20 

of the water to an accurately 

check the accuracy of the 

cylinders were again filled and 

t.hdrawn into calibrated contain- 

in the combustion tube and mano- 

meter section of the apparatus was determined by completely 

evacuating the section ad observing the volume of gas 
required to establish atmospheric pressure within this 

section. This procedure was repeated over the entire 

range of temperatures at which the combustion tube would 

operate. 

The volume contained by the other parts of the system 

with the exception of the system supply was obtained mano- 

metrically. A definite volume of gas was placed in the 

system at atmospheric pressure. By removal or addition of 

mercury to the system supply, the pressure within the syste:. 

could be varied. The volume reading within the system 

supply, the gas temperature, barometric pressure, and the 

sy5tei pressure, allowed calculation of the volume contain- 

ed by the remainder of the system. 

Calibration of the chromel-alumel thermocouples was 

by means of molten metals and compounds. The materials 

used in this calibration were lead, antimony, and sodium 

chloride. 

Calibration of the analysis readins was obtained by 
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admitting pure hydrogen, deuterium, or prepared mixtures 

of the two into the thermal conductivity cell and correla- 

ting the values recorded on the T'Tag" recording instru- 

ment vs percentage composition. 

EXPERIMENTAL PROCEDURE 

This investigation was divided into two distinct 

phases. The first phase consisted of an attempt to sep- 

arate the principal isotopes of hydrogen by means of 

selective adsorption at atmospheric pressure. The second 

phase was the compilation of data reauired to obtain sets 

of isotherms for the metal-gas systems. The purpose of 

the second phase was two-fold: to determine the dii'ference 

in solubility between hydrogen and deuterium in the metal 

and to see whether any large variation in dissociation 

pressure existed between the two systems at any particular 

temperature and pressure range. 

The experimental procedure followed during the first 

phase of this investigation was as follows: (Numbers refer 

to Fig. il) Gaseous mixtures of hydrogen and deuterium 

were prepared by mixing the two gases in the system supply 

cylinder () by proiong,ed circulation by means of the gas 

circulating pump (4). During this period, the metal sample 

was being degassed under high vacuum and high temperature. 

When mixing was complete, indicated by a constant reading 

of analysis, the gas was admitted to the combustion 
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tube (5) 'rhich held the metal sample. The gas was con- 

tinuously circulated over the metal sample during the 

adsorption-desorption cycles. The circulation pump iould 

remove the gas from the combustion tube, force it through 

the thermal conductivity cell (le), and back to the system 

supply cylinder where it was mixed with the residual gas 

before again entering the combustion tube. The gas leav- 

ing the circulating pump periodically by-passed the thermal 

conductivity cell. This was controlled by means of the 

flow regulator (14.) and the rotary timing switch. During 

this by-pass period, heat transfer e:ui1ibrium was estab- 

lished ,rithin the conductivity cell and the gas analysis 

recorded on the !?g?? recording instrument. Continuous 

record of time, combustion tube temperature, system supply 

volume, and analysis was obtained during the entire run. 

During the second phase of the investigation the f ol- 

lowing procedure was followed. After complete evacuation 

of the metal sample, the pure gas was admitted to the metal 

at atmospheric pressure. The temperature was varied sev- 

eral tir:es to cause adsorption-.desorption to occur. The 

combustion tube temperature was slo'rly lowered to room 

temperature. After standing for several hours, the tern- 

perature was incrementally increased, allowing sufficient 

time at each temperature for ecuilibrium to be established. 

During this part of the run the following data were re- 

corded: initial volume before admission to combustion 
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tube, room temperature, barometric pressure, and combustion 

tube temperature. With the weight of sample known, the 

volume of gas adsorbed per gram of sample corrected to 

standard temperature and pressure (STP) was obtained for 

a series of temperatures to establish the atmospheric 

isobar. This isobar was used as a reference during the 

isotnerm determinations. 

The large volume section of the isotherms was obtain- 

ed in the following manner. The temperature of the metal 

sample was held constant for a sufficiently long time in- 

terval to allow enuilibrium to be established. The cori- 

bustion tube-manometer section was isolated from the re- 

mainder of the system. The temperature was lowered to a 

given point and eouilibrium again established. At equi- 

librium, the pressure was recorded. Knowing the total 

volume of gas contained in the metal sample and combustion 

tube section at the time of isolation, the volume contain- 

cd in the combustion tube section at any given temperature 

and pressure, and the weight of metal sample allowed cal- 

culation of the enuilibrium volume of gas in the metal at 

the given temperature and pressure. During this period, 

the volume held in enuilibrium by the metal sample at at- 

mospheric pressure and any given temperature was checked 

against the atmospheric isobar reference. 

After obtaining the large volume section of the iso- 

therms, the metal sample was completely evacuated. Given 
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volumes of gas were then admitted to the combustion tube- 

manometer section, the temperature held constant at a given 

value, and the equilibrium pressure established. Knowing 

the volume of gas ac1ritted and the combustion tube volume 

allowed calculation of the volume of gas held in equilib- 

rium by the metal. Succeeding volumes of gas were admit- 

ted to the sample and similar data obtained. 1hen atmos- 

pheric pressure within the combustion tube was finally 

reached, a check could be made against the atmospheric 

isobar reference. 

ACCURACY AND PROBABLE ERRORS 

The estimated overall accuracy obtained during this 

investigation was plus or minus 2 percent. 

There were several factors which might influence the 

rccuracy obtained. Sorne of these factors had varying de- 

grees of importance depending upon the range in which the 

readings were being taken. The following discussion will 

help illustrate the possible variation of importance placed 

upon certain variables. 

The estimated accuracy of temperature readings was 

plus or minus 2° C. With regard to the atmospheric isobar 

of the zirconium-hydroíen system, a plus or minus 2° C 

temperature variation was of negliible importance below 

6000 C, slowly increasing in importance up to approximate- 

ly 5QO C. Within the temperature range of 8500 to 
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9500 C, however, this temperature variation could cause 

a much larger change in the volume of gas held by the metal. 

A comparable possibility of error existed during the iso- 

therm determinations. Within the higher temperature range 

a slight variation in temperature would cause a much larger 

pressure variation than a similar temperature change within 

the low temperature region. 

The accuracy of gas volume readings was estimated as 

plus or minus 1 cubic centimeter of gas. While this var- 

iation was not of major importance during the majority of 

the investigation, its influence upon the accuracy was of 

definite proportion during the isotherm determinations in 

the low volume region. 

The accuracy of oressure readings varied during the 

isotherm determinations. In both the low volume and high 

volume-low temperature regions the accuracy obtained was 

approximately plus or minus 2 min of mercury. Within the 

high temperature-large volume region the estimated accuracy 

was plus or minus 5 mm of mercury. 

Several other sources of error were considered; some 

of these are listed below. 

a. Diffusion of gas through the combustion tube walls. 

This possibility was considered negligible since no discern- 

ible volume change occurred when the gas was stored thin 

the system over a period of several days. 

b. Variation of gas volume within the cold traps. 
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Since the Douar flasks containing the cold traps were 

covered and maintained substantially full throughout the 

runs, the possible volume error as considered negligible. 

c. Incorrect room temperature readings. Any varia- 

tion due to this source of error was not greater than plus 

or minus 1 cubic centimeter of gas. 

d. Fluctuation of barometric pressure readings. There 

were few occasions during this investigation when barometric 

variations were of such a magnitude as to introduce an 

appreciable error. 

e. Contamination of the metal sample by oxygen or 

nitrogen. No estimate could be made for this source of 

error. Its influence had been investigated by JIall, Martin, 

and Reese (5, p.315). At the first sign of contamination 

i_n the gas or "ageing" effect of the metal as reported in 

early investigations, the system was completely evacuated 

and checked for leaks and the metal sample discarded. 

f. Inaccuracy in weighing metal samples. This source 

of error was considered negligible. 

Since the metal samples used during this investigation 

rere of the magnitude of two to three grams, any small error 

in gas volume was reduced when volumes were reported on te 

basis of cubic centimeters of gas per gram of sample. 
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EXPERIMENTAL RESULTS 

The major portion of this project was concerned with 

tile investigation of the peparation of the principal iso- 

topes of hydrogen by means of selective adsorption. The 

results obtained during this portion of the project have 

been forwarded to the Atomic Energy Commission. This 

investigation showed a need for further basic data. 

The second phase of this project ws the compilation 

of basic data concerning the adsorption of hydrogen and 

deuterium by zirconium and an alloy of titanium and zir- 

c onium. 

Adsorption of hydrogen and deuterium by the zirconium 

furnished by the U. S. Bureau of iiines is shown in Figure 

2. Within the temperature range of 5600 to 9500 C, over 

which range data for both gases was obtained, there was 

no appreciable difference between the adsorption of hydro- 

gen or deuterium by zirconium. Within experimental accu- 

racy the two gases are equally adsorbed. 

Figure 3 is a comparison of the experimentally de- 

termined adsorption of hydrogen by zirconium and similar 

results obtained by Hall, Martin, and Reese (5, p.312) 

and an investigation for the Atomic Energy Commission as 

given in the NEPA Report No. 435-IHR-CA (7, p.54). The 

results obtained during the present investigation compare 

favorably with those of Hall, Martin, and Reese with the 

exception of that portion of the curve in the vicinity of 
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oo° C. Hall, I.Iartin, and Reese showed a larger volume 

adsorbed at 25° C than at O0° C. In their family of 

isotherms for the zirconium-hydrogen system, this varia- 

tion was indicated by the intersection of the 00 and the 

25° C isotherriis, This break in the atmospheric isobar 

was not observed during the present investigation, nor ras 

it shorn in the NEPA report. The results obtained during 

the present investigation are in close agreement with the 

NEPA report at maximum adsorption near room temperature 

and the temperature range between 00 to 9000 C; over the 

remainder of the temperature range, this report gave values 

higher than those obtained during the present investigation 

or by Hall, Martin, and Reese. 

The experimentally determined atmospheric isobar for 

the adsorption of hydrogen and deuterium by an alloy of 

zirconium and titanium (35% by wt. Ti) is sho'm in Fig- 

ure 4. Within the range of experimental accuracy, both 

hydrogen and deuterium are equally adsorbed by this alloy. 

At temperatures higher than 500° C the volume of either 

gas adsorbed by the alloy is less than for pure zirconium. 

The volume adsorbed by the alloy at O0° C is 72 of that 

adsorbed by zirconium, and at 950° C the adsorption is 73.5. 

The slopes of the atmospheric isohars for the alloy and 

pure zirconium are quite different. The alloy had a rather 

uniform slope over the temperature range of 5000 to 9500 C 

while zirconium had a sudden increase in slope between g50 
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to 9000 C. 

A family of isotherms for the adsorption of deuterium 

by zirconium is shown in Figure 5. Similar data for the 

adsorption of hydrogen was not determined since such infor- 

mation had been previously published by Hall, Martin, and 

Reese (5, p.311). 

Figure 6 shows the experimentally determined family 

of isotherms for the adsorption of deuterium by the zircon- 

ium-titanium alloy (35% by wt. Ti). A similar family of 

isotherms for the adsorption of hydrogen by the zirconium- 

titanium alloy is shown in Figure 7. Although these two 

sets of isotherms show variations between the adsorption 

of hydrogen and deuterium by the alloy over certain ranges, 

further investigation would be reauired to determine wheth- 

er these variations could be utilized in separation of the 

principal isotopes of hydrogen. 



36 

FURTHER INVESTIGATION 

Through a comploto study of the rates of adsorption 

of hydrogen and deuterium with various metals, one might 

be able to find a temperature or pressure range in which 

a definite variation of adsorption rate exists. Although 

this feature was not covered during the present inves- 

tigation, general observation of system behavior leads the 

author to believe that such rate differences may exist, 

especially within the lower temperature range. 

The possibility of selectivity between two different 

metals might bear investigation. This could be accomplish- 

ed by allowing simultaneous adsorption to take place on tuo 

metals present in the same gaseous mixture. Isolation of 

the two metals followed by analysis of the gases removed 

from each sample would indicate whether the metals exhib- 

ited any selectivity in their adsorption of hydrogen and 

deuterium. Some indication of this possibility might be 

obtained from complete sets of isotherms for the metal-gas 

systems. 

Separation of the two isotopes by means of fractional 

desorption also might bear investigation. Any such attempt 

should be preceded by a study to determine whether there 

is a difference between the temperatures at which the 

metal-hydrogen and metal-deuterium systems are completely 

dissociated under vacuum. An example of this type of data 
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is the reported dissociation temperature range of 700° to 

750° C for the zirconium-hydrogen system (7, p.56). 
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