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Abstract 
 
Ultra-high purity gases are a necessity in many industries, including fabrication of electronics, 
photovoltaic, and lighting component as well as generation of high purity carrier gases for 
laboratory use.  In many cases, the end users may be unaware of the risks associated with 
selecting, installing and operating a gas purifier.  The authors’ goal is to introduce the concept 
of safer gas purification and offer alternative solutions for creation of ultra-high purity gases. 
 
Purification of industrial gases often requires use of highly reactive media.  Select media may 
react exothermically with contaminates within the feed gas stream, when the concentration is 
too high for the selected purifier media, resulting in elevated temperature sufficient to melt 
stainless steel.   Resulting damage may be localized to an analyzer, tool, or laboratory, but when 
coupled with an on-site air separation plant, exothermic events may result in a shutdown of the 
entire manufacturing facility, with typical recovery time measured in months. 
 
This study provides an historical review of gas purification technology ranging from methods of 
filling high purity gas cylinders, to point-of-use purification of laboratory gases, to purification 
of bulk and on-site atmospheric and specialty gases.  The authors then introduce novel 
approaches to creating ultra-high purity gases using safer methods and media.  In many 
applications, use of advanced VPSA and TSA methods, coupled with safe catalysts, may be used 
to generate 7N, 8N, and 9N pure gases, which historically required use of cryogenic separation 
or highly reactive media.   
 
 
Introduction 
 
Use of cryogens and the vapor generated are a necessity of our modern industrial complex.  
Carl Von Linde was credited with discovering the first refrigeration cycle capable of fractional 
distillation of air into nitrogen, oxygen, and argon more than a century ago.  As industrial use of 
gas expanded throughout the 20th century, so did requirements for purer gases.   
 
By the 1920’s and 30’s, one of the earliest methods of purifying feed gas streams to 99.9% pure 
was by the use of transition metals such as iron oxide.  Today, a wide range of purification 
media exists, which are capable of generating 99.99999999% pure gas.   
 
Select purification media is highly reactive in the presence of certain gases, which may lead to 
exothermic reactions capable of generating sufficient heat to melt the media housing.  
Selection of a gas purifier, especially those using high surface area metals, must be done with 
care.  Many commercially available purifiers use Ni, Zr, Fe, Zn, Mn, Cu, Pt, and Pd metal.  
Majorities of these are in the form of a high surface area metal or combination of metals 
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residing on a support (alumina, silica, diatomaceous earths, or others), with the notable 
exemption of Zr based alloys. 
 
What Can Happen 
 
Figure 1 demonstrates the breach of a 316L stainless steel housing which contained a Zr alloy 
media.  This purifier was designed for rare gases (Ar, He, Ne, etc.) but instead, due to operator 
error, a pure nitrogen gas was introduced.  In the presence of pure nitrogen, the media rapidly 

heated to a temperature in excess of 1,300 C. 
 
 

 
 

Figure 1:  Rare Gas Zr Based Purifier Exposed to Nitrogen 
 

Other transition metal catalysts do not have sufficient heat of reaction to melt stainless steel, 
but may damage downstream components (valves, filters, etc.).  Figure 2 shows damage 
resulting from a nickel media purifier which was exposed to percentage level oxygen, due to air 
separation plant failure, within a nitrogen gas stream.  In this example, the catalyst 

temperature was estimated to have reached approximately 1,000 C, which resulted primarily 
in damage to downstream components.  The middle photo shows downstream stainless steel 
tubing discolored by heat, which melted exterior clamps, while the right most photo shows 
corrosive residue.  Further downstream Teflon filters may be melted and partially vaporized, 
leaving residue through the facilities delivery system (see Figure 3).  Automated purifier 
systems often include control features designed to detect and isolate the purifier in the event 
high levels of oxygen or other impurities are present within the feed gas stream. 
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Figure 2: Nickel Based Purifier and Downstream Piping Damaged by Oxygen in Feed Gas 

 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

Figure 3: PTFE Filter Damage Resulting from Nickel Based Purifier Exothermic Event 
 
 

Background 
 
For laboratory, pharmaceutical, research and development, and micro-electronic applications a 
standard industrial grade cryogenic or vapor phase product (N2, Ar, H2, He, CO2, NH3, etc.) is not 
acceptable as contaminates within the product may impact an analytical baseline, device 
performance, and yield.  Industrial gas purity is defined in percentage pure product, which is 
often referred to as a specific number of 9’s (N’s) purity.  Table 1 defines how N’s or percent 
purity corresponds to the total allowed impurity within the gas supply.  Typically, the lowest 
grade of product available is “industrial grade” and purity ranges between 2.5N to 4N 
depending upon the product.  Many suppliers offer “semi grade” product, which is delivered at 
purity near 5N.  In order to achieve high purity, the end user must typically purify the delivered 
product. 
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In terms of purification, we define High-Purity (HP) to be total impurity level ranging from 5N to 
8N and Ultra-High-Purity (UHP) to be total impurity from 8N to 10N.  Typical impurities 
removed or reduced within a gas are H2O, THC, CO, CO2, O2, N2, and H2, but a wide range of 
other contaminates can be reduced.  It is important to inform your purifier supplier of all 
contaminates requiring removal or partial reduction. 
 

2N 99% 10,000 ppm 

Industrial Grade 3N 99.90% 1,000 ppm 

4N 99.99% 100 ppm 

5N 99.999% 10 ppm 

High-Purity (HP) 6N 99.9999% 1 ppm 

7N 99.99999% 100 ppb 

8N 99.999999% 10 ppb 

Ultra-High-Purity (UHP) 9N 99.9999999% 1 ppb 

10N 99.99999999% 100 PPT 

 
Table 1:  Industrial Gas Purity Specification Relative to Total Allowed Contaminate 

 
Pharmaceutical, medical, additive manufacturing, glove boxes, and some industrial laboratory 
applications require only HP products and for these applications, commercial purifiers are 
available which typically contain layers of ambient temperature metals and zeolites built into a 
glass or low grade stainless housing.  For analytical laboratories, leading edge R&D facilities, 
photovoltaic, and all microelectronic applications, the use of UHP purifiers is industry standard. 
 
A majority of HP and UHP purifiers use nickel as part or all of the purification media.  As Figures 
1 through 3 illustrate, nickel oxidation is highly exothermic: 
 

 𝑁𝑖(𝑠) +
1

2
𝑂2(𝑔) → 𝑁𝑖𝑂(𝑠)  (1) 

  

 Δ𝐻 = −250
𝑘𝐽

𝑚𝑜𝑙
 (2)  

 
Based on reported events, it is estimated that annually more than 10 purifier related 
exothermic events occur.  The impact of such an event can range from isolated damage of 
analyzer or tool to complete shutdown of a manufacturing facility.  The authors estimate that 
one major facility shutdown event occurs approximately every two years. 
 
While purifier manufacturers and gas suppliers take extensive efforts to mitigate the probability 
of introducing oxygen to a purifier, such events continue to occur.  In many cases, the end users 
are unaware of the risks associated with select reactive purification media.  
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In addition to the heat damage potential already illustrated, during an exothermic event, 
damage to downstream components and process tools may result from HCl generation.  HCl 
may be generated from corrosives remaining from the manufacturing process and are typically 
only generated at very high temperature.  Minor exothermic reactions will not produce HCl. 
Following most exothermic events, piping downstream of the purifier requires cleaning or 
replacement.  Typically, the piping system immediately downstream requires replacement due 
to corrosion and pitting from HCl.  
 
Purifiers which use Zr media have demonstrated to be even more exothermic than nickel. Zr 
based purifiers are typically used in rare gas applications in which nitrogen removal/reduction is 
required.  While Zr based media is highly efficient at reducing nitrogen, they remain as 
susceptible to catastrophic exothermic reactions as Ni based purifiers when subjected to high 
levels of reactive impurities.  
 
Alternative Media 
 
While nickel based purifiers are common in HP and UHP purifier applications, as noted there 
are risks of exothermic reaction damage if exposed to oxygen.  Demonstrated within this paper 
is an alternative media with equivalent capacity for oxygen storage while exhibiting only minor 
heating when exposed to percentage level oxygen.  
 
A purifier can be thought of as a tubular reactor packed with catalytic pellets.  As adsorbates (A) 
in the feed gas stream contact the catalyst they are adsorbed onto the surface according to the 
Langmuir-Hinshenwood mechanism.  Adsorbate A then diffuses into the catalyst and reacts to 
form B (A  B) and heat is generated.  In the case of nickel, the oxidation is diffusion 
controlled. 
 
For reactive metal catalysts, once adsorption sites are occupied, the catalyst must be replaced 
or regenerated.  For Zr based materials, diffusion of product B from the surface into the media 
interior occurs when heated.  Zr based materials may be operated hot continuously or at 
ambient temperature with periodic high temperature regeneration. 
 
In an effort to find a media with equivalent capacity to nickel without the risk of exothermic 
reaction, both experimental and modeling methods were developed.  Figure 4 outlines the 
experimental setup.  An oxygen free gas source was blended with oxygen from NIST traceable 
certified standard to generate known PPM levels of oxygen.  The oxygen doped gas then passed 
through the test purifier and into an oxygen analyzer.  A Servomex NANOTrace™ oxygen 
analyzer was used for PPM measurements and a Thermo Fisher APIMS was used for PPB/PPT 
measurements. 
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Test purifier media oxides according to the following reaction:   
 

 𝑋(𝑠) +
1

2
𝑂2(𝑔) → 𝑋2𝑂(𝑠)  (3) 

  

 Δ𝐻 = −35
𝑘𝐽

𝑚𝑜𝑙
 (4)  

 

 
Figure 4:  Experimental Setup 

 
The test purifier consisted of a 316L stainless steel reactor packed with chemisorbent catalyst X.  
The chemisorbent was a high surface area metal residing on an aluminosilicate support.  
Attached to the reactor was a band heater and thermocouple to allow for oxidation capacity 
measurement as a function of reactor temperature.  Oxygen content within the feed gas stream 
was varied from 0.5 PPM to ~ 20% throughout the tests.   
 
The experiment began by flowing a controlled quantity of hydrogen through the reactor under 
heat to reduce the oxide layer through the following equations: 
 
 𝑋𝑂(𝑠) + 𝐻2(𝑔) → 𝑋(𝑠) + 𝐻2𝑂(𝑔)  (5) 

  
 𝑋2𝑂(𝑠) + 𝐻2(𝑔) → 2𝑋(𝑠) + 𝐻2𝑂(𝑔)  (6) 

 
Following activation, the oxygen doped gas stream was passed through the test purifier at a 
known flow rate and pressure.  Oxygen within the feed gas was monitored until PPM level 
breakthrough occurred and the capacity for oxygen adsorption calculated for each test.  
Capacity calculations were consistent through the test, but varied as a function of operating 
temperature.   
 
Figure 5 demonstrates the oxygen removal efficiency as a function of temperature.  Here, the 

test purifier was operated at ambient (~ 25 C) until high PPB level breakthrough occurred, at 

which time the operating temperature was increased to 100 C which demonstrated improved 

removal efficiency.  Subsequently, the temperature was increased to 150 C, which 
demonstrated minor efficiency improvement.   
 
Figure 6 demonstrates the relative oxygen adsorption capacity for chemisorbent catalyst X 
when compared with traditional nickel chemisorbent catalyst.  At ambient temperature, nickel 

Pure Gas 
Source 

Oxygen Std. 

Gas Blender Test Purifier O2 Analyzer 
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maintains a higher capacity; however, with minor heating the chemisorbent catalyst X’s 
capacity exceeds that of nickel.  
 

 
 

Figure 5:  Chemisorbent Media X Oxygen Reduction Efficiency as a Function of Temperature 
 

 

 
 

Figure 6:  Relative Oxygen Adsorption Capacity for Chemisorbent X Relative to Nickel 
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As demonstrated above, chemisorbent catalyst X offers comparable oxygen adsorption capacity 
to traditional nickel, but two questions remained.  First, was the catalyst capable of reducing 
oxygen to UHP levels (< 10 PPB) and second, what temperature is reached when the catalyst is 
exposed to percentage level oxygen. 
 
To answer the first question, a Thermo Fisher atmospheric pressure ionization mass 
spectrometer (APIMS) was used to measure oxygen content in the test purifier’s effluent gas 
flow.  APIMS use is common throughout the UHP gas industry to measure PPB/PPT levels of 
impurity within purified gases such as nitrogen, argon, helium and hydrogen.  For this oxygen 
measurement, the calculated detection limit was < 100 PPT.   
 
Figure 7 provides two mass spectrum of test conducted in nitrogen base gas doped with 
oxygen.  The inset graph (top-left) shows a clear, well defined peak at mass 32, corresponding 
to oxygen within the feed gas stream.  Note the oxygen peak is significant enough to mask the 
nitrogen peak at mass 28.  This a common in an APIMS when one impurity is present at a high 
concentration.  The larger graph provides a mass spectrum acquired while measuring the test 
purifier’s effluent gas stream.  Here, the oxygen signal is reduced to 100 PPT level and a clear, 
defined nitrogen peak is present at mass 28.  Figure 8 provided a 24-hour oxygen purity trend 
of data acquired downstream of chemisorbent catalyst X, which had been in operation for one 
month. 
 
To determine how chemisorbent catalyst X would react to percentage level oxygen, air was 
introduced in a controlled experiment.  The test purifier was connected to an Edwards Model 
RV-3 vacuum pump equipped with a metering valve to control the rate of air pulled through the 
reactor.  Upon introduction of air, temperature slowly rose, primarily along the reactors 

discharge end.  The measured temperature did not exceed 150 C and quickly reduced to 
ambient temperature.   
 
Upon completion, the test purifier was reinstalled in the test rig shown in Figure 4 and 
demonstrated no remaining capacity for oxygen removal.  The catalyst was then regenerated 
with hydrogen and the oxygen removal capacity returned.  This is a significant finding as nickel 
which is exposed to oxygen at ~ 2% is poisoned and cannot be regenerated. 
 
While the data collected was based entirely upon removal of oxygen and no other 
contaminates, the test data demonstrated that chemisorbent catalyst X has equivalent 
removal/reduction capacity to nickel, is capable of reducing oxygen to UHP levels, is safe for 
use with percentage levels of oxygen, and can be regenerated once exposed to oxygen. 
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Figure 7:  APIMS Spectrum Acquired Up and Down Stream of Chemisorbent Catalyst X 
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Figure 8:  Oxygen Purity Trend Downstream of Chemisorbent Catalyst X 

 
To validate the experimental data, a simplified tubular reactor model was developed which 
calculates the temperature of a given chemisorbent catalyst exposed to percentage level 
oxygen.  The one dimensional model predicts an estimated maximum temperature based on 
the chemisorbent type, percentage of oxygen in the feed gas stream, gas flow, pressure, and 
reactor volume.  Using a very simplified model for mass and energy balances, we solve the 
following differential equations: 
 

 
𝑑𝐹𝐴

𝑑𝑉
= −𝑘𝑎𝑣𝐶𝐴 (7) 

 

 
𝑑𝑇

𝑑𝑉
= −∆𝐻𝑅𝑋/(𝐹𝐴0 ∗ 𝐶𝑃) (8) 

 
Substituting values and simultaneously solving the equations provides the results demonstrated 
in Figure 9.  The model results are similar to the experimental data obtained, as nickel catalyst 

is known to reach temperature in excess of 1,000 C in the presence of percentage level 
oxygen.  Temperature measurements for chemisorbent catalyst X were made on the surface of 
the stainless steel reactor as opposed to direct contact with the catalyst which may account for 
the slightly higher model predicted values.  
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Figure 9: Predicted Catalyst Temperature 

While this study has focused on identifying a potential safer replacement chemisorbent catalyst 
for nickel based media, there are additional opportunities to replace other traditional media.  
One such example is the use of Zr based metals for removing nitrogen from rare gas streams.  
As shown in Figure 1, Zr based metals are capable of reaching a temperature in excess of 
stainless steel’s melting point.   
 
Figure 10 shows data taken from an experimental catalyst currently under development.  The 
data shown was acquired using an emission spectroscopy based analyzer and demonstrates 
nitrogen signal within an argon gas plasma.  The blue graph was taken with 2 PPM of nitrogen 
present in the gas stream feeding the analyzer.  The red graph shows nitrogen signal as 
measured in the effluent gas stream of a new catalyst.  While this purifier is not currently 
available commercially, the data demonstrates an alternative method for reducing nitrogen in a 
rare gas.  This catalytic media is compatible with 100% oxygen and nitrogen without the risk of 
catastrophic exothermic reaction.  
 
 

 
 

Figure 10:  Nitrogen Content Up and Down-Stream of Test Purifier 
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Conclusion 
 
Gas purification is a market place serving a wide range of industries; commercial solutions exist 
from purifying cryogenic products, to high flow bulk purifiers for use at manufacturing facilities, 
to individual high pressure cylinders filling or withdrawal, to small point-of-use use flow for GC 
carrier gas.  Purification media range from simple physical adsorption to chemisorption based 
media using highly reactive metals and chemicals.   
 
Many of the commercially available purifiers in industry today use media which may result in 
personnel and/or equipment damage when exposed to an improper base gas or to elevated 
impurity within a feed gas stream.  Improper operation could include damage to downstream 
components such as valves, filters, analyzers, and process tools.   
 
While purifier manufacturers and gas suppliers work hard to mitigate such events, they 
continue to occur at a high frequency and result in complete shutdown of a major production 
facility approximately every two years.   
 
The goal of this study was to identify potential replacements and solutions for traditional 
purifier media which may be highly reactive and present a safety risk.  Such media would need 
to demonstrate similar oxygen adsorption capacity to existing media, would need to have the 
ability to reduce contaminates to UHP levels (< 10 PPB), and be capable of withstanding 
exposure to percentage level oxygen without highly exothermic reactions.  Chemisorbent 
catalyst X satisfies each of these criteria. 
 
While the authors do not expect that use of chemisorbent catalyst X will completely replace the 
use of traditional and highly exothermic media, they do wish to inform readers of the risks 
associated with gas purification and to suggest that all users carefully evaluate their supply 
system.  This paper represents beginning research to revitalize and modernize an aging 
industry. 
 
One strong benefit of this technology is that it provides a viable solution for going from 
industrial grade to UHP in a single purification step. 
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