
Introduction
Methods for accurate identification and quantification of trace 

gas impurities, particularly for small, reactive molecules, can be 
very expensive in terms of time, analytical expertise required, 
and chemical consumables. The industrial gas, petrochemical 
manufacturing, semi-conductor fabrication, and oil refinery 
industries need efficient, real-time monitoring technology. 
Quality and industrial safety are both directly influenced by 
gaseous contaminants in production lines and in the work 
environment. The analytical challenge is currently addressed 
by dedicated spectroscopic detectors or by gas chromatography 
techniques (GC).  Many GC based methods employ derivatization 
that adds operational complexity and makes it incompatible for 
process analysis. As a result, the industry has trended towards 
simple spectroscopic solutions, each typically dedicated to a 
subset of one or two analytes. 

FT-MRR (Fourier Transform Molecular Rotational Resonance) 
brings a unique spectroscopic capability for trace gas detection 
– user selectable, multi-species detection in one instrument. 
Since FT-MRR spectra are specific to molecular structure and 
have high Doppler limited resolution, they are an accurate 
tool for direct mixture analysis. The requirement for a gas to 
be FT-MRR active is that it have a non-zero dipole moment. 
The principle components of many gas mixtures either have no 
rotational spectrum (e.g. H2, O2, CH4), give a simple spectrum 
(e.g. CO, H2O), or give a very weak spectrum (e.g. propane) so 
that they do not pose spectral interference problems for the 
trace impurities with strong FT-MRR spectra. 

The broad analysis capabilities of FT-MRR are enabled by the 
solid-state instrument platform which digitally synthesizes and 
detects across a broad band of millimeter-wave radiation. No 
lasers or cavities are used. Millimeter-wave spectroscopy has 
significant advantages over infrared alternatives in terms of 
resolution and chemical specificity. 

AMMONIA: 

OSHA permissiable exposure limit: 50 ppm (8-hour)1

LDL concentration 35 ppb

LDL mols (flow gas) 13 pmol

LDL mols (static gas) 250 fmol

Time 3 minutes

Sample: SpecGas, Inc. (a) 50.0 ppm in N
2

Sample amount (flow) 8 mL STP gas

Sample amount (static) 160 μL

Ammonia is among the bulk commodity chemicals that are 
produced in the highest quantity in the world. Most of it is 
used for fertilizer production.2 Fertilizers, waste, and natural 
processes all give rise to ammonia emissions that affect the 
environmental ecosystem in terms of atmospheric composition 
and aquatic/soil toxicity. Ammonia is also a syngas contaminant 
that affects downstream processing and is removed as a part 
of the conditioning process. The techniques for detection are 
very diverse.3 For standalone, continuous monitoring, the main 
challenge for spectroscopic techniques is obtaining reliable, 
trace level measurements. The advantage of FT-MRR is the 
flexibility in design of the spectrometer measurement cell which 
does not require high precision optics that provide sources for 
carryover and corrosion.

Experimental and Results

Frequencies:  572498.6 MHz – Ammonia

Flow rate: 5 mL/min 

Total pressure: 120 mTorr

3 minutes of measurement time yields a signal-to-noise ratio 
of 4500:1 and a 3σ detection limit of 35 ppb.  The time includes 
a background subtraction measurement of pure nitrogen gas. 
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FORMALDEHYDE: 

OSHA permissiable exposure limit: 750 ppb (8-hour)4

LDL concentration 10 ppb

LDL mols (flow gas) 7 pmol

LDL mols (static gas) 50 fmol

Time 6 minutes

Sample: SpecGas, Inc. (a) 43.0 ppm in N
2

Sample amount (flow) 15 mL STP gas

Sample amount (static) 105 μL

Formaldehyde is a reactant used for the production of a wide 
range of resins and materials that have broad usage as biocides, 
textile and wood treatments, materials for polymer production, 
and fuel additives.5 Many of the methods for formaldehyde 
quantitation (e.g. NIOSH Method 2016, OSHA method 1007, 
and EPA Method 0011) involve a common path to derivatization 
using 2,4-dinitrophenylhydrazone (DNPH) which reacts with 
aldehydes and ketones.6-8  Ozone is a known interference which 
can also react with DNPH and the formaldehyde derivative. 
These techniques require gas chromatography and can achieve 
detection limits below 1 ppb, but they are too complex for real-
time monitoring applications. The infrared spectral region can be 
used to make a direct detection,9-10 but infrared techniques suffer 
from low chemical selectivity compared to FT-MRR spectroscopy. 
For FT-MRR, a highly selective formaldehyde detection can be 
made down to 10 ppb in the presence of water and other VOCs.

Experimental and Results

Frequencies:  281526.9 MHz – H2CO

  274726.1 MHz – H2
13CO

  274726.1 MHz – H2C
18O   

Flow rate: 5 mL/min 

Total pressure: 80 mTorr

6 minutes of measurement time yields an H2CO signal-to-
noise ratio of 15,750:1 and a 3σ detection limit of 10 ppb. The 
time includes a background subtraction measurement of pure 
nitrogen gas.  Assuming a 12C/13C ratio of 92:1 and a 16C/18C ratio 
of 487:1, the H2

13CO and H2C
18O spectra represent concentrations 

of 465 ppb and 88 ppb, respectively.

HYDROGEN SULFIDE: 

OSHA permissiable exposure limit: 20 ppm (8-hour)11

LDL concentration 300 ppb

LDL mols (flow gas) 45 pmol

LDL mols (static gas) 2 pmol

Time 80 seconds

Sample: SpecGas, Inc. (a) 50.0 ppm in N
2

Sample amount (flow) 3 mL STP gas

Sample amount (static) 160 μL

Hydrogen sulfide is a toxic and flammable gas that poses a 
significant safety hazard in the petroleum industry.12  It is found 
in natural petroleum products and is a contaminant in syngas. 
The methods for detection are very diverse (NIOSH Method 
6013, OSHA Method 1008, EPA Method 15) and generally involve 
some wet chemistry to detect hydrogen sulfide through sulfide 
or sulfate ions.13,14 SO2 is a common contributor to interferences, 
but water, CO2, and CO in large concentrations can also impact 
the analysis. Quantitation limits for these techniques reach 500 
ppb. FT-MRR is a simple solution which can measure hydrogen 
sulfide directly without interference from the mixture. In 
addition to the highly selective spectra, FT-MRR has an advantage 
over other spectroscopic solutions because precision optics are 
not required. Internal protective coatings and flexibility in the 
sample cell design address carryover and corrosion so that users 
can have confident results from real samples.

Experimental and Results

Frequencies:  555254.0 MHz – H2S

  555254.0 MHz – H2
34S

Flow rate:  5 mL/min 

Total pressure:  100 mTorr

80 seconds of measurement time yields an H2S signal-to-
noise ration of 470:1 and a 3σ detection limit of 300 ppb. The 
time includes a background subtraction measurement of pure 
nitrogen gas. Assuming a 32S/34S ration of 22:1, the H2

34S spectrum 
represents a concentration of 2.3 ppm.

H2CO	  	  
43.0	  ppm	  
6	  minutes	  
LDL	  10	  ppb	  

H213CO	  	  
465	  ppb	  
6	  minutes	  

H2C18O	  	  
88	  ppb	  
6	  minutes	  

H232S	  50.0	  ppm	  
80	  seconds	  
LDL	  300	  ppb	  

H234S	  	  
2.3	  ppm	  
80	  seconds	  



HYDROGEN CYANIDE:

OSHA permissiable exposure limit: 10 ppm (8-hour)15

LDL concentration 5 ppb

LDL mols (flow gas) 2 pmol

LDL mols (static gas) 25 fmol

Time 3 minutes

Sample: SpecGas, Inc.(a) 50.6 ppm in N
2

Sample amount (flow) 8 mL STP gas

Sample amount (static) 105 μL

Hydrogen cyanide is a chemical precursor produced in  high 
volumes for several industries, a syngas contaminant and a 
potential byproduct of semiconductor wafer fabrication.16 
Detection methods in air adopted by NIOSH (Method 6010) and 
OSHA (Method 1015) involve a preparation procedure using 
solid sorbents or impingers.17,18 Volatility and reactivity create a 
challenge for maintaining sample stability.19,20 Hydrogen sulfide 
is a known interference that reacts with hydrogen cyanide 
and also produces sulfide ions that  interfere with ion specific 
detectors.  The methods must also consider the influence of 
particulate cyanide in the sample collection process which can 
contribute to molecular hydrogen cyanide. A typical analysis 
requires several liters of air and yields quantitation limits from 
0.3 – 1 ppm. Direct spectroscopy is the simple alternative, and 
FT-MRR has a major edge in chemical selectivity over infrared 
techniques. 

Experimental and Results

Frequencies:  265886.4 MHz – HCN 
  289644.7 MHz – DCN

Flow rate:  5 mL/min 

Total pressure:  80 mTorr

3 minutes of measurement time yields an HCN signal-to-

noise ratio of 47,000:1 and a 3σ detection limit of 5 ppb.  The 

time includes a background subtraction measurement of pure 

nitrogen gas.  Assuming a  H/D ratio of approximately 6400:1, 

the DCN spectrum represents a concentration of < 8 ppb.

ETHYLENE OXIDE: 

OSHA permissiable exposure limit: 1 ppm (8-hour)21

USP regulated level in drug products: 10 ppm22

LDL concentration 75 ppb

LDL mols (flow gas) 26 pmol

LDL mols (static gas) 530 fmol

Time 3 minutes

Sample: SpecGas, Inc. (a) 51.3 ppm in N
2

Sample amount (flow) 8 mL STP gas

Sample amount (static) 160 μL

Ethylene oxide is an important raw material for the production 
of ethylene glycol which is used to produce antifreeze and 
polyester materials.23 Ethylene oxide also has some isolated 
use as a fumigant and sterilizer. It is reactive with halides and 
water, which is a major draw back for simple sorbent collection. 
As a result, ethylene oxide is derivatized to 2-bromoethanol in 
NIOSH (Method 1614) and OSHA (Method 1010) air sampling 
methods.24,25 The sampling, sorbent extraction, and ensuing 
gas chromatography separation make for a complicated, time 
consuming analysis that cannot promise an interference-free, air 
mixture analysis. Quantitation limits are as low as 1.5 ppb, but it 
requires processing 12 L of gas through the sample collector. FT-
MRR instruments can monitor ethylene oxide directly from air in 
minutes using only milliliters of gas.

Experimental and Results

Frequencies:  291478.0 MHz – Ethylene Oxide

Flow rate:  5 mL/min 

Total pressure:  120 mTorr

10 seconds of measurement time yields an ethylene oxide 
signal-to-noise ratio of approximately 460:1.  With three minutes 
of time, including a background subtraction measurement of 
pure nitrogen gas, the 3σ detection limit is 75 ppb.

HCN	  50.6	  ppm	  
3	  minutes	  
LDL	  5	  ppb	  

DCN	  <	  8	  ppb	  
3	  minutes	  

Ethylene	  Oxide	  51.3	  ppm	  
10	  seconds	  
LDL	  75	  ppb	  (in	  3	  minutes)	  



PHOSPHINE:

OSHA permissiable exposure limit: 300 ppb (8-hour)26

LDL concentration 200 ppb

LDL mols (flow gas) 270 pmol

LDL mols (static gas) 1.2 pmol

Time 12 minutes

Sample: SpecGas, Inc. (a) 468 ppb in N
2

Sample amount (flow) 30 mL STP gas

Sample amount (static) 132 μL STP gas

Phosphine is used as an agricultural fumigant and a phosphorus 
dopant source for semiconductor fabrication. It occurs naturally 
in the atmosphere only in trace amounts.27  Phosphine levels 
are monitored in semi-conductor clean rooms for both quality 
purposes and safety. The NIOSH and OSHA validated methods 
for phosphine monitoring involve trapping on a sorbent and a 
complicated extraction procedure.28,29  Neither of the methods 
are a direct detection of phosphine. The NIOSH method (Method 
6002) detects phosphate content using UV-Vis spectroscopy and 
the OSHA method (Method 1003) detects total phosphorous 
using ICP atomic emission spectroscopy. Quantitation limits 
achieved by these methods are below 50 ppb at the expense of 
hazardous chemical consumables and a complicated procedure. 
Monitoring phosphine on-site by FT-MRR is simple and measures 
molecular phosphine directly. 

Experimental and Results

Frequencies:  266944.7 MHz – Phosphine

Flow rate: 5 mL/min 

Total pressure:  100 mTorr

12 minutes of measurement time yields a signal-to-noise ratio 
of 14:1 and a 3σ detection limit of 100 ppb.  The time includes 
a background subtraction measurement of pure nitrogen gas. n

 

 

(a)  SpecGas, Inc. High Quality Calibration Gases

86 Vincent Circle, 

Warminster, PA  18974
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