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THE PURIFICATION OF INERT GASES

TO HIGH PURITY

by

R. T. Payne, Ph. D.

The usefulness of inert gases has steadily increased over the last

few years, and with their use the requirements for purity have increased.

In activities like sputtering, glove box processing, welding, crystal

growing, gas chromatography, etc., there is a strong demand for a

truly inert atmosphere, sometimes to be present for months at a time.

While each application for an inert gas has its own special requirements,

there are a number of common points that can be stressed.

It is the purpose of this article to consider purification methods

relative to cost, convenience, efficiency, and ultimate purity. The

article will be broken into three questions. First, what is an inert

gas? Second, how is it purified? And finally, how can it be kept pure?R. D
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What is an Inert Gas?

(1)
According to the Handbook of Chemistry and Physics, there are

six inert gasses -- helium (He), neon (Ne), argon (Ad, xenon (Xe ),

krypton (Kr ), and radon (Rn ); The inert gases are monatomic, and
. (2, 3)

in general, do not chemically react with each other or with other

elements. It is just this chemical "inertness" property which makes

these gases so valuable as environments for highly reactive systems.

In contrast, other elemental gases - - hydrogen (H), oxygen (0),

and nitrogen (N), react readily with other elements at easily available

temperatures and only appear to be inert at room temperature because

they form stable diatomic molecules H2, 02, and N2. Similarly,

compound gases, H20, CO, CO2, Wrt 3, hydrocarbons, etc. all react

readily if broken down. The compound gases H20, CO, etc. and

elemental gases, H2, 02, N2 shall be considered "reactive" gases

for the rest of this article for they will be the primary impurities to be

removed during purification for a truly inert environment.

Inert gases are obtained primarily by cryogenic fractional

distillation. This process is, simply, cooling the inert gas to a point

just above its boiling point at a given pressure to remove all gases with

hoiling points above that of the inert gas, then liquifying the inert gas

to pass off all of the impurity gases with boiling' points below that of the

inert gas. All of the inert gases can be fractionally distilled from the

air. However, in the United States helium gas is distilled as a
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by-product from the liquification of natural gas in certain Texas wells.

(1, 4)
Table I shows the boiling points for the inert gases, as well as other gases,

(4)
and the natural abundance of inert gases in air. The radioactive inert

gas radon, primarily obtained from the radioactive decay of radium,

is such a special case that it is only mentioned for completeness and will

not be considered further.
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TABLE I

Gas Boiling Points And Abundance

Boiling Natural
or Sublimation Abundance

Gas Point In Air Inert Gas----------- ------------- --------------------
°Ke1vin °Fahrenheit Mole Fraction 0/0

Helium 4.22 -452 0.00052 I

Hydrogen 20. 3 -423 0.000005

Neon 27.2 -411 0.0018 I

Nitrogen 77.4 -320 78.09

Carbonmonoxide 81. 7 -313 ---
Argon 87.3 -303 0.93 I

Oxygen 90.2 -297 20.95

Methane 112 -259 ---
Krypton 120 -244 0.0001 I

Xenon 165 -126 0.000008 I

Ethane 184 -128 ---
Carbondioxide 195 -109 0.03

Radon 211 - 80 6.0x10-18 I

Propane 229 - 48.1 -- -
Ammonia 240 - 28. 2 -- -

Water 373 -212
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How is an Inert Gas Purified?

Inert gases are primarily purified by three processes: a stringently

controlled fractional distillation leading to bottled specialty gases,
(5,6,7,8)

di ffu s ion, and two forms of che rn- adsorption.

The first process, fractional distillation, has already been

considered in the discussion on obtaining inert gases. The proc ess

can be cycled an infinite number of times. Consequently, it

theoretically can produce absolute purity. Practically, however, it

is limited by the control of the temperature of the distillation unit,

the time involved in processing, and the bulk of the processing unit.

The large bottle gas companies are able to handle the process and they

(9)
do a remarkable job in purifying gases regularly.

Unfortunately, the purification process is expensive, as reflected

in the price of the bottled specialty gas. The bottled gas is certainly

convenient. The efficiency, the ratio of the number of impurities

removed relative to the total number of impurities arriving per unit

time, is zero for bottled gases. Table II shows an example of the
uo:

purity of some of the specialty inert gases now bottled. More shall

be said later about the "bottled" gas purity.

The second process, diffusion, has a limited use. Diffusion through

a wall like heated quartz, is strongly enhanced for light mass
(11)

gases.

Consequently, the process is limited to the lightest inert gas,
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TABLE II

Typical Purities of Bottled Inert Specialty Gases

Minimum Maximum
Gas Purity 0/0 Impurities CO+

(pprn) Ar He H2 Kr Ne N2 02 Xe N20 CO2 THC H2O

Helium 99.999 10 -- -- I -- 2 5 1 -- -- 0.5 0.5 1.5
99.9995 5 -- -- 1 -- 2 1 0.5 -- -- 0.5 0.5 1
99.9999 1 >;::: ~:~ -'- ::::::: ,,- -'- >:::: o., -'- -,- -'- _.-

"'I~ -r- -r- -r- -r- -r- -r- -r-

Neon 99.99 100 -- 90 4 - - -- 4 1 -- -- 0.5 O. 5 1
99.998 20 -- 10 4 -- -- 4 1 -- -- 0.5 0.5 1

Argon 99.999 10 -- -- 1 -- -- 4 1 - - -- 1 1 1
99. 9995 5 -- - - 1 -- -- 1 0.5 -- -- 1 0.5 1

Krypton 99.995 50 -- - - - - -- -- 20 4 25 -- 1 10 1

Xenon 99.995 50 -- - - 4 50 -- 20 4 -- 4 1 5 1 .
':' Purity assured, guaranteed to contain less than 1 ppm total contaminants

':":'See Reference 10.
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helium, as long as hydrogen is removed.

The cost of the process is low with little maintenance cost. The

process is inconvenient since it is limited to only helium and has very

low flow rates for the purified gas. It is reasonably efficient. The

purity of the gas is limited by the original hydrogen or water vapor in

the gas, since hydrogen will diffuse through as rapidly as the helium.

The third purification process is chem- adsorption. Chem- adsorption

is, simply, the chemical reaction of a gas with the surface of a solid.

It is enhanced by diffusion of the gas into the solid, and the porocity

of the solid. Chern-adsorption is separated into two traditional classes

- - t he so-called phys- adsorption process, where the chemical bond of

the gas to the walls of the adsorbent surface is weak, and regular

(12)
chem- adsorption.

(13)
The phys - adsorption process explains the effectiveness of xeolite,

(14,15)
activated charcoal, and other, so- called molecular sieve materials.

These compounds are characterized by a high porocity and long

channels due to an open crystal lattice structure. These porous

compounds provide a large surface area for the weak chemical bond

of the reactive gas. Because of the weak chemical bond, the phys -

adsorb material must be cooled to cryogenic temperatures to improve

its adsorptive power. Consequently, inert gases are often "purnpe d",

as well, because the gas liquifies on the surface of the material.

.Once the inert gas is "pumpe d" the efficiency to remove reactive
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gases is lowered.

In addition, the weak chemical bond to the gas allows the

phys-adsorb material to be "reversibly" outgassed at elevated

temperatures in a high vacuum. The outgassing is just the reversal

of the chemical reaction by lowering the partial pressure of the gas.

It is just this "r-e ver s ib il.ity" that causes another limitation to the

material. Unless an ultra-high vacuum (less than 10-9 torr) out-

gassing is performed at the maximum absolute temperature difference

from the operating temperature, the vapor pressure_of the remaining

reactive gases can actually be a contaminate to the purification process.

A phys-adsorber cannot in general be exposed to air at room temperature

and maintain its efficiency.

The phys-adsorption process is,in the final analysis, a variant on

the fractional distillation process requiring ultra- high vacuums, high

temperatures, and cryogenic temperatures. It is less bulky than

fractional distillation but it has lower purity with increasing operating

temperature. It can be used with best efficiency, cost, and convenience

for helium gas purification with the operating temperature just above the

boiling point of helium. The cost of the phys-adsorb purifier is low,

but the related cryogenic equipment, heaters, and ultra-high vacuum

system is quite high. However, the maintenance cost is low. The

process is convenient only for helium gas. Other inert gases require

special cryogenic facilities to keep from liquifying the inert gas while
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removing the reacti ve gases. The efficiency is variable depending on the

amount of inert gas liquified and the total number of remaining sites for

phys - adsorpti on.

Finally, there is the regular chern-adsorption or gettering process

(16)
where a strong chemical bond is formed on the surface of the solid.

The major success and drawback of the chern-adsorption process

is that it is specific to different reactive gases. Each chem- adsorbent

reacts well with some gases and not well with others. Furthermore,

it is more "reversible" for some gases than others. However, since

a strong chemical bond is formed, one can expect a high efficiency because

the reaction conversion factor, (the ratio of impurity atoms removed to

chem-adsorber atoms), is on the order of 1.0.

The term coined to denote the end of the useful life of a chem-
(17)

adsorber is the breakthrough point. It is usually measured at the

point at which the impurity pressure rises above certain tolerable limits.

The point scales with the total number of chem-adsorber atoms in

integral fashion dependent upon the geometry of the chem- adsorbing

chamber. Because of the large reaction conversion factor, the break-

through point can be quite large. Consequently, for a small amount of

chem-adsorber anyone of the related requirements, long time between

replacement, ultra-high purity, or large flows can be obtained.

The more commonly used chem-adsorbers are:

1) the alkali metals,
2) Uranium,
3) Copper,
4) Titanium and other transition metals.

9
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(1) The alkali metals, including calcium, have traditionally

been used in glove boxes. They react at room temperature, are

hard to handle, and react principally with 02' H20, CO, and CO 2.

Calcium can react with N2.
(5, 18,19)

(2) Uranium is an excellent chem-adsorber for impurities.

However, it is difficult to handle once activated, because it reacts

at room temperature. It is also expensive, and sometimes hard to

obtain.

(3) The Cu deposited on diatomaceous earth (B. T. S. ) is very
( 20)

useful when operated at 100°C in two columns with a cold trap.

One column is reduced to Cu (B. T. S. ) and the other is oxidized

CuO. This combination picks up H2, 02' Co, and hydrocarbons,

and converts them to H2 0and CO2, which is removed by a liquid

nitrogen cold trap. However, it does not remove N2 and can

exothermically react if suddenly exposed to air at room temperatures.
(5,17)

(4) Finally, there are the transition metals like titanium, zirconium,
(16)

and palladium. The most versatile and easy to obtain is titanium. It

can be considered in detail. Ti can be obtained at spectroscopic quality

in a sponge form with a large surface area. It does not appreciably

react at room temperature, but at 900°C has excellent chern-adsorption

. (5)
propertles for N2 as well as the other reactive gases.

The chern-adsorption properties can easily be tested by observing

that titanium is used as a gettering device or sublimation pump in a high

10
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vacuum system. The titanium sublimation pump has relative pumping

speeds that are related to the chem-adsorption properties of Ti to

gas impurities.

In addi ti.on, the work of M. L: Kyle,· L. F. Coleman, R. D. Pierce,
(5)

and J. P. Arntzen show that titanium sponges can be reacted with a

conversion factor N -atoms /Ti-atoms, of O. 32 at a gas concentration

of 50 ppm to 0.68 at a gas concentration of 50,000 ppm of nitrogen

impurities in argon.
(21)

Other workers have found that by taking special precautions, the

titanium chem-adsorber can reduce the oxygen impurity level to

1 part in 108.

The cost of a Ti chem-adsorber is low including a simple 900°C
(17)

furnace. The maintenance cost is small and certainly compe ti ti ve

with the cost of bottled gas. The process is convenient and useful

for all the inert gases. The efficiency is high,as long as the flow

rate is within tolerance. The ultimate purity is limited again by the

flow rate.

It would appear that there is no simple answer to the question

of how to purify inert gases. However, the most convenient, efficient,

and low cost purifier for all the gases is the titanium chem-adsorber.

In the next section, one such purifier unit is described, along with the

important elements to maintain high purity.
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How can an Inert Gas be Kept Pure?

In this section the practical problem of coupling purified gas or

gas purifier to its point of use will be considered. Purity is

unfortunately related to difficulty and, after 99. 9% purity is reached,

a number of related procedures must be performed to maintain higher

purity. It is the object of this section to reduce the difficulty to a min-

imum.

Examine the whole purification system: a source of inert gas; a

purifier; connecting lines; a gas purity monitor; and the process

system. The system should be reasonably independent of the initial

purity; have maximum final purity; adequate flow; long time main-

tenance purity; low or moderate cost for initial investment and low cost

for maintenance; minimum bulk; and be easy to handle.

One possible solution might appear to be to use ultra-high

purity cylinder gas and remove the purifier. However, this possibility

can be more expensive to maintain in comparison to the intermediate

purifier. In addition, the high purity bottled gas can easily lose purity.

A partially opened valve or a diffusive leak can contaminate the bottle.

Also, the bottle outgases, no matter how well constructed and processed,
(22)

because of thermal cycling of the walls. In general, it is difficult to

maintain a bottled gas purity greater than 99.9999% over a period of time.

Once a purifier is considered, one can quickly see from the previous

section that the titanium chern-adsorption system has the convenience,
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efficiency, and low cost necessary for a general purpose unit.

With proper design, adequate flow rates can be obtained at any given

final purity required. The initial cost can be maintained at a moderate

level and the maintenance can be kept low, as long as, standard inert

gas cylinders ('" 99. 9% or greater) are used. Such a unit can be seen

in the figure, where the size of the unit is about 7" high x 19" wide

x io" deep. The breakthrough point for Nitrogen is roughly 300 cu.

ft. of 99.9% purity gas. The unit can purify 99.8% pure argon in a

worst case test, to 99. 9991%, with impurities like H20-2 ppm ,

N2/CO-3ppm, 02-2 pprn, CO 2-1 ppm, Ethane 1 ppm, Hydrocarbons

O-ppm, with the limits of detectability set at 1 ppm within a 24 hour
(23 )

period. The unit can deliver up to 114 liter Imin. flow at 99.999%

purity. Since most gas cylinders start with purities in excess of

99.8%, the titanium unit will generally deliver purities in excess

of 99.9999% and can maintain purity for more than one bottle before

changing elements.

So far it has been assumed that the only contaminants come from

gas cylinders. However, this is generally not the case. The major

sources of contamination in all gas purification systems are leaks.

It is of primary importance to leak check the system from the gas

bottle to the process end of the line. A helium gas analyzer leak

detector is preferred for this purpose.

Another source of contamination is outgassing and impurity
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diffusion through the walls of the gas lines. All glass or stainless

steel systems are to be preferred with copper to be used in the low

purity side. If possible, every part of the gas line should be flamed

or baked out at 200°C to remove impurities from the walls. This out-

gassing process must be done in a vacuum or with purging inert gas

and must be repeated every time the gas line is opened to the air. If

quick connections are necessary, Viton- A, or Neoprene should be used

for the seals. Avoid tubing like P. V. C., latex, tygon, etc., for they

are all porous to either H20 or CO2,

There are a number of gas purity monitors commercially available

for 02 and H20 detection above 100 ppm impurity (99. 990/0). Recently,
(24, 25)

two versions of Ti or W filament detectors have been considered.

These devices detect the partial pressure of gases that react with the

filament, usually 02, H20, CO2, and hydrocarbons. For the Ti gas

purifier, impurities 02 and H20 have the smallest breakthrough point

and reduce the breakthrough Point of N2. Consequently, these monitors

are excellent for determining the useful life of the purifier.

Finally, the system to be used for processing must be leak tight,

outgassed, and made of stainless steel or glass. The escape of the

used [ne rt gas from the system must be just as carefully taken care of.

The system may be either closed and leak tight, the outlet port evacuated

with a fore pump and cold trap; or the outlet line passed through a cold

trapped bubbler. For ultra-high gas purities, it is just as important
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to remove impurities that may back diffuse through the outlet as to

remove those that diffuse into the inlet.

Summary

There are six inert gases -- He, Ne, Ar, Kr , Xe , and Rn.

He and Ar are the most commonly available and the most often used.

While no single purification process solves all problems, a titanium

chern-adsorption process has a low cost, is convenient and efficient

and can produce ultra-high purities of all the inert gases. Other

purification techniques are mentioned.

A gas purification system consisting of a gas cylinder, purifier,

gas Iirie s , gas monitor, and process system is analyzed. A titanium

chem-adsorber purifier is described.

Precuations for obtaining a ultra-high purity system are as follows:

a) leak check the whole system;

b) use only stainless steel and glass with copper on
low purity side;

c) outgas lines and process system;

d) if quick connections are required, use only Vitorr-A,
or Neoprene, and keep them cool;

e) a gas monitor for measuring the impurity with the
smallest breakthrough point should be used; and

f) the outlet line must isolate the system from back
diffusion into the process system.

The author is indebted to Worth Allred, Dr. James Whelan, and

Dr. Eddie Kroeger of U. S. C.; Allen Cox of Gardner Cryogenics;
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Fred Schrey of Hughes; Ken Lehner of AIRCO; and Dr. Hellmut Fritzsch

of the University of Chicago, for several important conversations.

He acknowledges with pleasure the analysis work of Dr. Dwight Fisher

of West Coast Technical Service, literature documentation by

A. F. Tolivar of WESRAC, the technical assistance of David E. Moore,

and the assistance of the R. D. Mathis Co.
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