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Two air quality monitors (AQMs) were launched to the International Space Station (ISS) 
in March 2013. The AQM units, with different gas chromatographic columns, operate 
simultaneously on the ISS to accurately measure target compounds important to the 
assessment of the onboard air quality. The AQMs had to be validated, which meant they had 
to demonstrate their ability to accurately analyze target compounds in the ISS atmosphere, 
before they could be proclaimed ready for operational use.  As the name implies, operational 
hardware can and will be used to make real-time decisions; therefore validation is necessary 
to have confidence in generated data.  The AQMs were deployed in late March 2013 and 
validation was begun in May 2013.   During the in-flight validation phase, a minimum of 6 
mini-grab sample containers (mini-GSCs) were acquired nearly simultaneously with the 
AQM sample analysis.  Six months was needed to acquire the necessary mini-GSC-AQM 
pairings to complete validation.  The validation criteria, established prior to launching the 
AQMs, were applied to each compound and not to the AQM units.  Furthermore, the 
validation included the checkout of the AQM battery operations in a remote location. The 
AQMs operate autonomously using a scripted analysis scheme and frequency. A remote 
desktop feature of the AQMs permits the scripts to be interrupted, without use of crew time, 
so that the AQM runs could be coordinated with the mini-GSC sample acquisition.  This 
paper will briefly describe the AQM technology, describe the validation requirements, and 
present the results from the AQM validation.  

Nomenclature 
AQM = Air Quality Monitor 
BME = Biomedical Engineer 
DMS =  Differential Mobility Spectrometer 
DMCPS = Decamethylcyclopentasiloxane 
ECLSS =  Environmental Control and Life Support System 
GC = Gas Chromatograph 
GC/MS =  Gas Chromatograph/mass spectrometry 
GSC = Grab Sample Container 
GUI = Graphical User Interface 
ISS = International Space Station 
RF = Radio Frequency 
TMS = Trimethylsilanol 
VOA =  Volatile Organic Analyzer 
VOCs =  Volatile Organic Compounds 

I. Introduction 
wo Air Quality Monitors (AQMs) were launched to the International Space Station (ISS) in March 2013 (Fig 1).  
The details of the AQM ground preparation for flight can be found in a previous publication.1 Two AQMs are 
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used in tandem to cover the extensive target list (Table 1) of 22 volatile organic compounds (VOCs).  Ammonia was 
a last-minute addition to the target list and it was qualitative only, so it was not included in the validation plan -
hence 22 instead of 23 target VOCs.  The target compounds were developed by the NASA toxicologists with input 
from the Environmental Control and Life Support System (ECLSS) team.  Target compounds were selected based 
upon years of data from returned archival samples and hardware and module offgas data.  Target compounds were 
selected based on one or more of the following criteria: 1) compounds frequently detected in the ISS atmosphere at 
measurable concentrations, 2) compounds with a significant toxicity at relatively low concentrations (detected 
infrequently on ISS), and/or 3) compounds that affect an ECLS system.  Examples of frequently detected 
compounds include acetone, xylenes, and 2-butanone, while high toxicity compounds include benzene, which has 
been detected in thermodegradation events aboard spacecraft.  Ethanol and 2-propanol are examples of compounds 
that can affect ECLSS, specifically the water recovery system.  Experience has led to differences (additions and 
subtractions) between the AQM and the Volatile Organic Analyzer (VOA) target compound lists2.  The VOA was 
the air quality monitor on ISS from 2001-2009.  
 Autonomous analysis of complex mixtures in remote locations, such as submarines, aircraft, and buildings, is a 
challenge for current instrumentation.  Most instruments, (such as gas chromatography-mass spectrometry) are too 
big, too complex, and/or have maintenance overhead (calibrations, short-life components) for field deployable 
operations.  The validation of the AQMs will demonstrate the capability of this technology to produce laboratory-
like results in a small portable instrument.  
 Upon arrival on ISS, the AQMs were activated by the crew, who then used the Graphical User Interface (GUI) to 
initiate a clean run sequence.  The clean run sequence prepared the AQMs for sample runs following 3 months of 
sitting inactive, awaiting transport to ISS.  Following the activation and checkout of the AQMs, the next task at hand 

was to validate the AQMs for operational use.  This was expected to require 6-7 months.  Unfortunately, the start of 
the validation period was delayed because the sieve cartridges (to clean and recirculate the gas chromatograph (GC) 
carrier and detector make-up gases) were contaminated.  The source of the contamination was likely the procedure 
used to clean the sorbents in these specific cartridges, but it is possible that contamination also arose from the 
packing material (pink poly bags and foam) used to transport the AQMs for flight.  The bag composition is 
polyethylene, but other materials are used for the antistatic properties and small contaminants can result in large 
responses on AQM.  During the original evaluation of the AQM technology, bag samples were too “dirty” for 
sample introduction to the breadboard AQMs; therefore the bags were considered a possible source of the 
contamination.  The contaminated sieve cartridges were replaced on April 26 with spare sieve cartridges shipped (in 
sealed, nitrogen-purged metalized bags) to ISS with the AQMs.  These cartridges immediately improved the AQM’s 
cleanliness and remained in the AQMs throughout the validation period.  Sieve cartridge preparation procedures 
have been changed as a result of the contaminated sieve cartridges, and it was determined that, in the future, sieve 
cartridges will be sent to ISS in metalized bags and not in the AQMs. 
 The validation period was started on May 6, 2013, when the first mini-grab sample container (mini-GSC) sample 
was acquired with the near simultaneous start of the AQM sample session.  The time interval between the mini-GSC 
acquisition and the AQM start was always < 1 hour and usually within 20 minutes.  The last validation sample was 
on October 30, 2013. The validation criteria (see experimental section) required the comparison of a minimum of 6 
mini-GSC acquisitions paired with AQM runs.  The GSC sampling occurs once per month, hence the reason for 6-7 

 

Figure 1. AQMs on ISS (red boxes) 

Table 1. Target Compounds by AQM Unit  
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months to obtain the required samples.  Once validated, the AQM data could be used confidently in operations to 
assess the air quality in ISS and its impact on crew health and ECLSS.  Especially in contingency scenarios (spills, 
thermodegradation events, and leaks), data from a validated AQM will be used to help assess the situation and 
determine the effectiveness of cleanup efforts.    
 The AQMs were scripted for run sessions every 73 hours, which provided a look at contaminants with respect to 
time of day.  This protocol resulted in two run sessions per week, and the data were transferred via the wireless 
network to the ISS server, where it was autonomously downlinked to the ground every Monday.  In the first four 
months of operation, there were “dropouts” of the AQM wireless from the ISS routers.  No data were lost and this 
problem was fixed when both the AQMs and ISS routers were updated with new drivers.  Since the software update, 
the AQMs have remained connected to the ISS routers, and data have transferred as scheduled.  The AQMs have a 
remote desktop feature, which allows the Biomedical Engineer (BME) to manually stop and start runs, transfer data 
files, and update method files.  The BMEs are the interface to the crew and ISS operations through the flight director 
for the Crew Health Care System (CHeCS).  As such, the BMEs are responsible for implementing established 
procedures and requirements for CHeCS experiments and operational hardware.   The remote desktop capability is 
used to great advantage in pairing the AQM runs with the GSC sample collections and this has resulted in reaching 
the necessary number of AQM/GSC sessions for validation in the expected time interval.  A mini-GSC collected on 
a different day or with a significant time difference on the same day would lead to suspect comparisons. 
 This paper will briefly describe the AQM technology and the validation process followed by a summary and 
discussion of the AQM validation data. 

II. Experimental 
The AQM essential components are shown in Fig. 2.  A more detailed description of the theory and operation of 

the AQM detector can be found in previous publications3-5.  A unique feature of the AQM is that air, recirculated 
through scrubbers (molecular sieve and then carboxen 
569), comprises the GC carrier gas and the detector 
make-up flow and that eliminates the need for an external 
gas supply.  The “3-way valve (2)” is switched allowing 
the sample pump to pull ambient air into the inlet and 
through a preconcentrator (carbotrap B and then 
carboxen 1000) to trap and concentrate the VOCs.  
Subsequent to the sampling, the “3-way valve (1)” is 
switched and a “purge” of air is cleaned and dried as it is 
pulled, by the sample pump, through a scrubber before 
flowing through the preconcentrator to remove most of 
the water trapped during sample acquisition.  After the 
purge, the “3-way valve (1)” is returned to its original 

position and “3-way valve (2)” is switched to isolate the sample pump and to direct flow from the clean gas 
recirculation loop into the preconcentrator.  The preconcentrator is then ballistically heated to transfer the VOCs to a 
GC column where they are separated in time to simplify the detector’s (differential mobility spectrometer-DMS) 
task of analysis.  A check valve (not shown) near the exit from the preconcentrator directs the gas flow to the GC 
column.   

One AQM unit has a VF-624MS GC column and the other unit is fitted with a DB5-MS GC column.  The VF-
624MS column (in Unit 2218) is a slightly polar column used to separate the low molecular weight polar 
compounds, while the DB5-MS GC is a nonpolar column (in Unit 2221) to quickly separate higher molecular 
weight compounds.   

The detector further separates compounds by applying high and low radio frequency (RF) fields that separate the 
compounds based on the difference of the ion’s mobility in each field.  The asymmetric RF waveform is cycled at 1 
megahertz during the transit time of the ion through the detector’s drift tube.  It is the gas flow and not the electric 
field that moves the ions to the faraday cup detector.  The RF field separates ions by moving them perpendicular to 
the gas flow.  A small direct current (DC) field is applied to the detector; otherwise most ions would be neutralized 
on the drift tube walls and not reach the detector.  The DC field, called the compensation voltage (Vc) can either be 
scanned to detect all ions throughout the GC run or it can be used in single ion monitoring mode in which only ions 
of a specific Vc in a GC window (retention time) reach the detector.  Examples of the plots resulting from these two 
detection modes are shown Figs 3 and 4.   

 
Figure 2. AQM block diagram. 
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Figure 5. Mini-GSC 

 

 
Figure 4. GC format showing windows in GC 
(time in sec) and DMS space (Cv). 
 

 
Figure  3. Scan runs for target compounds 
established peak position (GC retention time) 
and detector compensation voltage (Cv). 
 

 The mini-GSCs are cleaned and evacuated prior to launch and the sample is acquired by twisting and pushing 
on the cap, which opens a small orifice so that the mini-GSC’s vacuum can pull in the sample.  The mini-GSCs (Fig 

5) are returned to the ground and analyzed by gas chromatography/mass spectrometry (GC/MS) following modified 
Environmental Protection Agency protocols6.  Validation applies separately to each of the 22 compounds.  The 
validation plan specified that an AQM target compound is validated if AQM and GSC results match 5 of 6 times.  
Match criteria are as follows: 

 
1) For GSC compound concentrations at trace or non-detected levels, the AQM measurements are at trace or   
non-detected levels 
2) For GSC compound concentrations < 0.1 mg/m3, the AQM measurements are within ±0.05 mg/m3 
3) For GSC compound concentrations from 0.1 to 0.5 mg/m3, the AQM measurements are within ± 50% 
4) For GSC compound concentrations > 0.5 mg/m3, the AQM measurements are within ± 40%   
The variation in the requirements based upon compound concentrations is in recognition that as the compound 

concentration approaches the limits of detection for an instrument (laboratory GC/MS and/or AQM) the accuracy 
will suffer.  Additionally, sampling error multiplies the difficulty of achieving accurate results at very low 

concentrations.  In a laboratory setting, such as ground validation of 
the AQM or other devices, the concentrations of standards and 
verification mixtures can be tightly controlled to desired values and 
the errors in sampling are kept to a minimum.  This means that 
compound concentrations are above the lower quantitation limit for 
compounds and with the exception of some variation due to sample 
lines, there are no losses or errors when acquiring samples.  
Furthermore, the ground verification of samples always uses 6-liter 
GSCs to reduce wall losses and improve repeatability and accuracy.  
The quantity of standards used on a daily basis preclude the use of 
smaller GSCs for GC/MS standards as workflow and even 

maintaining instrument calibration would be difficult if standards had to be generated every week.  The GSC sample 
collection on orbit for comparison to AQM results almost certainly is the largest error, when comparing mini-GSC 
and AQM results.  First, the sample is usually acquired in the middle of the LAB module, whereas the AQMs are 
situated near the Node 2 passage to the LAB.  Losses to the walls of the mini-GSCs can be an issue, for some highly 
polar and high molecular weight compounds, as the sample resides in the ~200 ml GSC for months before analysis.  
These were the types of issues considered when establishing validation criteria for a trace contaminant monitor.    
 

III. Results and Discussion 
As previously stated, the validation samples were collected from May 6, 2013, through October 30, 2013.  The 

June and July mini-GSC sample collections were combined to give results for one of the six paired sets required for 
validation.  In June only Unit 2218 (AQM1) results were available and in July only Unit 2221 (AQM2) results were 
available for downlink.  As stated in the Experimental section, the validation is for each compound; therefore, data 
from these two sample sessions were combined to provide one of the six validation points.  A procedural error when 



 
International Conference on Environmental Systems 

 
 

5 

updating files caused the loss of data from Unit 2221 on June 24 and a lockup of the Expert software resulted in the 
data loss from Unit 2218 on July 18.  The Expert software lockup seems to be unit specific (unit 2218), but has only 
happened once on the ground and again July 18 on orbit.  No other lockups of the software have occurred in two 
years, which includes ground testing. 

The results from the simultaneously acquired mini-GSC sampling and the AQM run sessions are presented in 
Table 2.  The non-detected (ND) results  were compounds not detected above the minimum detection limit (~0.01-
0.05 mg/m3 except for siloxanes, which are  higher) and the designation “trace” are compounds detected, but at 
concentrations below the minimum quantitation limit (~0.05-0.10 mg/m3 except for the siloxanes, which are much 
higher).  All of the compounds met the validation criteria except for three: n-butanol, Trimethylsilanol (TMS), and 
decamethylcyclopentasiloxane (DMCPS).  In the case of n-butanol the reported concentrations are very close to the 
detection limit of both the GC/MS and the AQM.  Furthermore, analysis of the results for n-butanol and TMS 
showed that the AQM data track the mini-GSC results, but are consistently higher by approximately a factor of 2 for 
both compounds.  This leads to “conservative” AQM values for these compounds. As a result, these data are used 
“as is” for air quality assessments.  The problem with DMCPS analysis is likely related to losses of the compound 
to the walls of the GSCs with time.  This well-known characteristic7 of DMCPS also impedes generating stable 
standards for calibration, be it for GC/MS or AQM.  For these reasons, the DMCPS results will be used for trending 
only. 

An operational instrument must be capable of completing numerous analyses without component failures or 
significant loss of data related to instrument software.  The reliability of the AQMs was demonstrated during the 
seven month validation period by the 767 runs (blanks and samples) completed on Unit 2218 and the 522 runs 
completed on Unit 2221.  The difference between run totals on the two units is due to a second run that is scripted 
on Unit 2218 to ensure accurate analysis of all compounds on the target list.  All of these runs involved the full 
exercise of all instrument components (pumps, heaters, etc.), including blanks (no sample acquired), which used the 
sample pump for the purge step).  The validation results speak to the AQMs ability to maintain its analytical 
performance (repeatable GC retention times, Vc, etc.) through all these runs.   

Additionally, it is important that a trace volatile organics monitor can follow changes in ISS atmospheric 
contaminants.  Since the Shuttle-Mir program it has been known that ethyl acetate is a “marker” compound for 
Russian vehicles.  The AQM’s ability to track the changes of ethyl acetate with each docking of a Russian vehicle is 
shown in Fig 6.  The dockings during the period shown include Soyuz (34S and 35S) and Progress (52P and 53P).  
There is also an increase in ethyl acetate during the HTV-4 docking; however, that data point was acquired directly 
in the HTV module during remote operations.  All other data points are for AQMs in their standard LAB module 
location. 

 

Table 2. AQM/mini-GSC Match By Compound  * concentrations < 0.1 mg/m3 are 
within ±0.05 mg/m3,   Does Not Meet Requirements 

% Difference (GSC-AQM/GSC*100) 
Target Compounds %Diff_May6 %Diff_Jun24/Jul18 %Diff_Aug14 %Diff_Sep3 %Diff_Oct4 %Diff_Oct30 Matches/#GSCs
Acetaldehyde -71 6 -22 13 32 37 5/6
Methanol 10 -28 -22 -38 6 8 6/6
Ethanol -16 8 -21 -18 9 46 5/6
Acetone 20 12 9 -14 32 32 6/6
2-Propanol -6 -41 -25 -73 -20 -20 5/6
1-Butanol (n-butanol) -68 -150 -129 -117 -180 -78 0/6
Ethyl Acetate -31 Trace/ND <0.05* Trace/ND 0 Trace/ND 6/6
Dichloromethane Trace/ND Trace/ND <0.05* <0.05* <0.05* <0.05* 6/6
Toluene Trace/ND <0.05* <0.05* <0.05* Trace/ND Trace/ND 6/6
Xylenes (m,p) Trace/ND Trace/ND Trace/ND Trace/ND Trace/ND Trace/ND 6/6
Xylene (o) -2 -29 -38 -14 <0.05* <0.05* 6/6
2-Butanone Trace/ND Trace/ND Trace/ND Trace/ND Trace/ND Trace/ND 6/6
Hexane Trace/ND Trace/ND Trace/ND Trace/ND Trace/ND Trace/ND 6/6
Benzene Trace/ND Trace/ND Trace/ND Trace/ND Trace/ND Trace/ND 6/6
Hexamethylcyclotrisiloxane -95 -19 -32 -26 -14 -32 5/6
Octamethylcyclotetrasiloxane <0.05* 18 -13 73 -11 -43 5/6
Decamethylcyclopentasiloxane 15 -311 -275 -775 -142 -146 1/6
Trimethylsilanol -43 -100 -142 -117 -107 -121 1/6
Hexanal Trace/ND Trace/ND Trace/ND Trace/ND Trace/ND Trace/ND 6/6
Acrolein (propenal) Trace/ND Trace/ND Trace/ND Trace/ND Trace/ND Trace/ND 6/6
1,2-Dichloroethane <0.05* <0.05* <0.05* <0.05* Trace/ND Trace/ND 6/6  
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All flight instruments (experiments or operational hardware) require science and hardware verification tests on 

the ground prior to flight.  However, these tests can not exactly duplicate the ISS environment.  For operational 
hardware it is imperative that additional inflight verification, herein called validation, be conducted to insure the 
instrument can perform as expected in the more complex ISS environment.  These data demonstrate that the AQMs 
are capable of accurately detecting and quantifying the target compounds in-situ.  This validation of the technology 
will extend to replacement AQMs; therefore it does not have to be repeated each time new AQMs arrive on ISS.  If a 
significant hardware modification were made to the AQMs, then re-validation would be required.  

IV. Conclusions 
The AQMs were sent to ISS in March 2013 and validation of the AQMs for operations was initiated on May 6, 

2013.  There were six matched sampling sessions, where the mini-GSCs and the AQM run sessions occurred nearly 
simultaneously. The last mini-GSCs, acquired on October 1and 30, 2013, were returned to the ground and analyses 
completed by mid-January 2014.  During the 6-month validation period, data from both units demonstrated the 
reliability and the analytical robustness of the technology: two critical features of instrumentation for exploration 
missions.  The performance of the AQMs on ISS was a major leap forward in trace VOCs detection as it showed the 
capability to perform accurate and autonomous target analysis in difficult field deployable environments over long 
time intervals without significant maintenance activity.  

The results from the validation samples found 19 compounds met the validation criteria and 3 compounds (n-
butanol, TMS, and DCMPS) did not meet the criteria.  The mini-GSC/AQM data comparison for n-butanol and 
TMS showed that the AQM was following these two compounds, but was a factor of two higher in concentration.  It 
was concluded that, in the future, the AQM results for these two compounds can be used in the assessment of air 
quality.  The difficulties in preparing DMCPS standards and its propensity for loss to the GSC walls resulted in 
concentrations that can be used for trending only.  Overall, the performance of the AQMs was excellent, and the 
data instilled a high degree of confidence in using the AQM results to make operational decisions.     
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