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Abstract The Air Quality Monitor (AQM), formerly called
the microAnalyzer™, showed great promise in ground test-
ing and preflight preparation to replace the aging Volatile
Organic Analyzer (VOA) on the International Space Station
(ISS). The atmosphere in the ISS is mostly scrubbed and
recirculated (a partially closed environmental system), and
for this reason the measurement of volatile organic com-
pounds (VOCs) in its atmosphere is an important function to
protect crew health and safety. Evaluation of the AQM in
ground testing was impressive, but the unique environment
of ISS required a thorough in-situ vetting of the capability.
In May 2009, the first two AQMs arrived on ISS as an
experiment to evaluate their performance and assess meth-
ods and crew procedures. In total, three AQMs have been
operated aboard ISS spanning almost 3 years. After the first
year of operation, the decision was made to build operation-
al AQM units as a replacement for VOA, which was re-
moved from ISS in August 2009. This paper presents the
AQM data used to make the decision to build an operational
version of the hardware. As an experiment of new hardware
it was expected that some performance issues would arise,
but it was also deemed necessary that solutions to these
problems would not substantially change the form, function,
or cost of the operational version. The identified issues and
their solutions that related directly to the AQM’s analytical
performance during the first year of the experiment are
discussed briefly with the focus on how these changes are
expected to improve the performance of the operational
version. Recent AQM data from ISS will be presented to

illustrate how some changes in software and methods are
already improving the AQM’s analytical performance.
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Introduction

The International Space Station (ISS) is home to astronauts
from many countries for a minimum of 6 months, but it is not
uncommon for crewmembers to remain on ISS for as long as
9–12 months. The longer residence on ISS comes about as a
result of launch delays of transport vehicles, and currently the
only means of return is the Russian Soyuz. The environment
of ISS is a semi-closed system and although the crew lives in
this atmosphere for 24 h a day (with no options to “open
windows to allow in fresh air); archival air samples are
returned only once every 3 or 4 months. Furthermore, Nation-
al Aeronautics and Space Administration (NASA), in collab-
oration with the National Research Council, has established
air quality criteria called Spacecraft Maximum Allowable
Concentrations (SMACs) [1–3] and ameans must be available
to verify that the spacecraft atmosphere meets these require-
ments. The SMACs are established by reviewing toxicologi-
cal studies in the literature for the compound, selecting the key
studies, and adjusting the values for species (study animals)
and the microgravity environment. A compound’s SMAC is a
series of values related to the length of exposure. For instance,
short-term SMACs (1 h and 24 h) permit reversible effects
(e.g. mucosal irritation) during emergencies (fire, toxic re-
lease), but the long-term SMACs (7d- 1000d) are set to values
at which there are no adverse human health effects [4]. Archi-
val air sampler data is used to determine the acceptability of
air quality aboard the spacecraft [5], but the longer intervals
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between returned samples from ISS compromises the value of
identifying and responding to pollutants that are slowly
degrading ISS air quality. Additionally, contingency events
(i.e., overheated components/wiring or strong odors) demand
a more immediate analysis that only real-time, onboard mon-
itors can provide. It is important to monitor trace Volatile
Organic Compounds (VOCs) in the spacecraft to complement
major constituents (O2, N2, CO2, etc.) analysis in order to gain
a complete picture of the spacecraft air quality. The VOCs
were monitored on ISS by the Volatile Organics Analyzer
(VOA), which was a gas chromatograph/ion mobility spec-
trometer [6–8]. The VOA provided real-time data on VOCs
from 2001 to July 2009 (with the exception of a 2 year gap
from 2003 to 2005).

A potential replacement for the aging VOA was the
Sionex microAnalyzer™, which was an instrument based
upon gas chromatography/differential mobility spectrometry
(GC/DMS). The microAnalyzer™ possessed a number of
advantages compared to the VOA, the most important of
which was a vastly reduced size and mass [9]. The flight
preparation of the first microAnalyzers™ delivered to ISS
was detailed in a recent publication [10]. The two units (39
and 40) were sent to ISS in March 2009 and unit 40 (Fig. 1)
began operating in May of 2009, 2 months before the VOA
was removed from ISS. The microanalyzers™ (now known
as the Air Quality Monitors-AQMs) were sent to ISS as an
experiment (Station Development Test Objective-SDTO) to
determine if the excellent ground based performance, ob-
served prior to and during flight preparation, could be main-
tained in the more challenging ISS environment. Although
challenge mixtures used to assess the microAnalyzer’s read-
iness for flight do mimic the ISS atmosphere, it is impossi-
ble to duplicate the exact composition or the small changes
that occur in the environment (i.e., pressure, temperature,
oxygen concentration, humidity). The AQM/SDTO (formal
acronym for the flight experiment units) performance was
assessed by comparing its results to those from returned

archival samples (Grab Sample Containers-GSCs). A 6–
12 month timeline was estimated to acquire a sufficient num-
ber of GSCs to properly evaluate the AQM/SDTO. More
recently, mini-GSCs have been used to evaluate the AQM/
SDTO, because the smaller mini-GSCs are more compatible
with Soyuz sample returns. In addition to analytical perfor-
mance, an equally important objective of the experiment was
to assess crew procedures, methods files, and general instru-
ment operational parameters (i.e., sample volumes). Since
these first units arrived on ISS, the AQM/SDTO has been
monitoring the cabin atmosphere for targeted, trace VOCs
continuously for almost 3 years. In that time period, three
units (39, 40, and 36) have been employed to monitor the air
and one instrument, unit 39, has been operated in two different
time periods on ISS.

This paper will provide an in-depth presentation and dis-
cussion of the results from the first year of the AQM/SDTO
(unit 40) operation. The first year of operation was critical,
because these data were used for the decision to proceed with
an operational (Government Furnished Equipment-GFE) ver-
sion of the AQM/SDTO. The operational version (AQM/
GFE) will be relied upon for operational decisions in nominal
and contingency situations [11]. A short discussion of lessons
learned from the AQM/SDTO will be included, along with
recent AQM/SDTO (unit 39) data from the fall of 2011. The
unit 39 data is presented to illustrate how some of the Unit 40
analytical issues have been addressed. These types of proce-
dural/software changes combined with slight hardware mod-
ification will greatly enhance the analytical capability of the
AQM/GFE.

Experimental

Instrument design

Each AQM/SDTO unit has an instrument method, which
defines the timing for sample acquisition, preconcentrator
heating/desorption, and GC temperature heating profile. The
GC temperature profile (rate of heating and/or length of the
GC run) is the only variation in the instrument methods
between units. Each AQM/SDTO has a number of instru-
ment methods (clean, no sample, long and short, 5 s and 10 s
sample runs) and scan methods (sets scanning parameters).
Additionally, a set of unique GC methods (no sample, long,
short, 5 s, and 10 s sample runs) are loaded on to each
instruments. The GC methods contain the parameters for
locating the peak for each compound in the target list. Each
AQM/SDTO unit has a unique set of GC methods, although
many parameters are very similar.

A block diagram (Fig. 2) of the AQM/SDTO highlights
the essential components of the instrument. A sample pump
acquires an air sample for 5 seconds (s) or 10 s at ~70

Fig. 1 The Air Quality Monitor (AQM)/Station Development Test Ob-
jective (SDTO) is shown (circled in red) attached to the CrewHealth Care
System (CHeCS) rack located in the center of the International Space
Station’s LABmodule. The Volatile Organic Analyzer (VOA) was still in
the rack just to the right of the AQM power supply (large silver box)

190 Int. J. Ion Mobil. Spec. (2012) 15:189–198



milliliters (mL) per minute (min). The sample flows through
a preconcentrator sorbent bed composed of 60/80 mesh
Carbopack B and Carboxen 1000 (Table 1). When sampling
is completed, a valve switches to flow the GC carrier gas
through the preconcentrator as the preconcentrator is rapidly
heated to 300 °C for 30 s to desorb the VOCs trapped from
the air sample. During clean cycles, the preconcentrator is
heated to 325 °C for 40 s.

The trapped VOCs are transferred from the preconcentrator
to the GC column by the carrier gas flow. The GC column is a
Varian 624MS, which is 15 m×0.25 mm and coated with a
1.4 μm liquid phase. The liquid phase is 6 % cyanopropyl/
phenyl and 94% PDMS (polydimethylsiloxane). Two types of
GC methods are performed: long and short. The temperature
program for both runs begins with a 120 s isothermal period at
35 °C. In the short run, the GC column is ramped to 140 °C
over 85 s (~1.2 °C/s) and the run ends at 230 s. The timing for
the long run has increased since the first units arrived on ISS.
All three units had a temperature ramp from 35 °C (isothermal
temperature) to 140 °C in 120 s and Unit 40 maintained this
temperature for another 130 s. After the ramp, the Unit 36 GC
method heated the GC column to 150 °C and stayed there for
another 90 s to clean the column. Upon its return to ISS in
2011, the unit 39 GCmethod heated theGC column (following
the nominal temperature ramp) from140 °C to 150 °C and then
remained at that temperature for 190 s to accommodate detec-
tion and quantification of decamethycyclopentasiloxane
(DMCPS).

As the analyte compounds elute from the GC column, they
are swept into the DMS ionization region by the GC carrier
gas, where an additional gas (make-up) joins the GC carrier
gas to achieve sufficient gas flow through the detector. The
GC column gas flow was calculated at approximately 1 mL/
min and the make-up gas flow was ~350 mL/min. The 63Ni
ionization source produces ions (positive and negative) by
transferring charge from a reactant ion peak (RIP) to the
analyte. The RIPs in air, at atmospheric pressure, are hydrated
protons (positive mode) and O2

− (negative mode). The detec-
tor acquires two important parameters for detection of each
analyte: the GC retention time and the compensation voltage
(Vc). During their transit through the DMS, the ions are
subjected to cycles of an asymmetric RF voltage field that
displace most ions perpendicular to the gas flow. In order for
the gas flow to deliver an ion to the detector, the Vc (a small
DC voltage) must be applied. The magnitude of the Vc for an
ion is related to the ion cluster’s interaction with the RF field
[12, 13]. Scan runs (sweeping all Vcs), at different RFs,
provide the optimal parameters (RF voltage, GC retention
time, and Vc) loaded into the GC method for the detection
and quantification of each target compound.

The recirculation system is innovative because it uses air
for the GC carrier gas and detector make-up gas. The re-
quired GC column pressure is obtained when, at initial start-
up, the recirculation pump pulls air from the environment
until the specified pressure is obtained. The air is cleaned
continuously as it flows through a scrubber after exiting the
DMS cell. The scrubbers contain 20/45-mesh molecular
sieves (HCRMS) and a small amount of Carboxen 569, to
remove moisture and VOCs, respectively.

The Expert software (Sionex) for controlling the instrument
parameters (such as temperatures and pressures) and
performing the data reduction is resident on a separate com-
puter. The method files (including data reduction) are
uploaded from the computer to the AQM/SDTO unit. Results
are processed on the unit and can be displayed on the graph-
ical user interface (GUI), but thus far the data has been down
linked for ground based analyses since this was an experi-
ment. However, with the exceptions noted in the discussion
section, the data are still derived from running an automated
classifier file. The classifier file identifies the peak and con-
verts the peak area (or peak height) to concentration.

AQM/SDTO in-flight performance assessment

Historically air quality instruments used for measuring trace
VOCs have been evaluated by comparing the instrument’s
results to analyses of GSCs, where the GSC sample was
acquired close to the device and within 1–2 h of the instru-
ment’s sample session. The GSC (Summa™ treated) and the
mini-GSCs (silonite®-coated) are evacuated stainless steel
canisters (Fig. 3) from SIS [14] and Entech [15], respectively.

Fig. 2 This block diagram of the MicroAnalyzer™ shows the sample
flow through the instrument’s major components. The pump sends air
to the preconcentrator (enhance detection limits), where organics are
trapped, and then these organics are moved to the gas chromatographic
(GC) column for separation before eluting from the column and into
the differential mobility spectrometer for detection. The microproces-
sor controls all instrument functions (including detection and quantifi-
cation), but the innovative feature of the device is that the air
(internally scrubbed and recirculated) is used as the GC carrier gas

Table 1 The composition of the dual-sorbent preconcentrator for each
AQM/SDTO that has operated on ISS

Unit Carbopack B
60/80mesh

Carboxen 1000
60/80mesh

Total

mg mg mg

36 4.9 4.1 9.0

39 6.2 3.7 9.9

40 5.2 4.3 9.5
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These archival samplers have been proofed clean, evacuated,
and dosed with surrogates prior to shipment for launch to ISS.
Archival sample data associated with unit 40 was derived
from GSCs and data related to unit 39 was obtained from
the mini-GSCs. A sample of air is pulled into the archival
samplers by its vacuum. Sampling occurs once per month, but
ISS logistics can, at times, interfere with the simultaneous
sampling by archival samplers and air quality instruments.
Sampling variability (timing and location), hardware issues,
and procedural missteps mean data from at least six GSCs are
needed to properly assess instrument performance. The archi-
val samplers are returned to the ground and analyzed in the
Johnson Space Center (JSC) Toxicology Laboratory.

The gas chromatography/mass spectrometry (GC/MS)
analyses of the archival samples followed a modified ver-
sion of the Environmental Protection Agency’s TO-15 pro-
tocol [16]. The TO-15 protocol was modified by reducing
(or eliminating) the number of controls, replicates, and
duplicates to accommodate the restrictions imposed by
spaceflight constraints. However, ground-control GSCs
were still a vital part of the overall quality assurance pro-
gram for archival sample analysis. The Toxicology Labora-
tory closely followed TO-15 procedures for tuning,
calibration, and verification of instrument performance. In
assessing the AQM/SDTO performance, the AQM/SDTO
results were required to be within ±40 % of the archival
sampler results. However, the archival sampler data was
deemed absolute; therefore, the GC/MS errors were not
considered when assessing if AQM/SDTO met the ±40 %
criteria. Given that GC/MS deviations can be 10 % or more
(30 % is allowable in TO-15), the criteria for AQM/SDTO
performance was quite rigorous.

The AQM/SDTO target compound list (Table 2) was the
basis for assessment of the instrument’s capability. As an
experiment, the goal was a target compound list representa-
tive of the various types of pollutants (polar, non-polar, low

and high molecular weight) needed for the expanded detec-
tion capability of the AQM/GFE. Another compound,
DMCPS, was added to the target list for AQM/SDTO (unit
39) currently on orbit. DMCPS is one of series of cyclic
siloxane compounds that have garnered great toxicological
interest in the past few years. These compounds are found in
many consumer products such as shampoo and deodorants.

Results and discussion

AQM/SDTO operations on ISS

Each AQM/SDTO sample session was initiated by the crew
when they selected “autorun” from the Expert GUI screen
on the computer. The autorun button started a sequence of
methods, which are defined as “scripts”. The autorun script
was a series of runs, which included clean, no sample, and
sample scan method runs, followed by various types of GC
method runs (clean, no sample, and sample runs). Short and
long GC method runs were performed at 5 and 10 s sample
volumes. The GC sample runs were repeated in the autorun
script. The duration of the runs were 190 s (clean runs),

GSC

Mini-GSC

Fig. 3 Archival Air Samplers: Grab Sample Container (GSC), which
is Summa™-treated stainless steel (approximate volume of 300 ml),
and Mini-Grab Sampler Container (mini-GSC), which is Silonite®-
treated stainless steel (volume of approximately 200 ml)

Table 2 AQM/SDTO target Compound List This list was composed
of compounds either routinely detected in the ISS air (i.e., ethanol) or
those that would pose a significant hazard (i.e., benzene) if released
into the ISS atmosphere. The 180d SMAC, appropriate for ISS mission
durations, are shown for each compound. Detection must be at least
10X lower than the SMAC. In some cases (i.e., ethanol) the needed
detection level is lower (<10 mg/m3), because of the compound’s
effect on the reverse osmosis membrane of the water processor. Addi-
tionally, detection capability for many compounds can be as great as
100X lower than the SMAC for trending purposes and as a check of the
instrument’s performance. This list was limited to representatives of
target compound classes (i.e., octamethylcyclotetrasiloxane for cyclic
siloxanes) from the more extensive operational target list, because this
was an experiment and not operational hardware

Compound 180d-SMAC (mg/m3)

Acetaldehyde 4

Methanol 90

Ethanol 2000

Propanone 52

2-propanol 40

1-butanol 150

Ethyl acetate 180

Dichloromethane 10

Toluene 15

(m, p, o) Xylenes 37

2-butanone 30

Hexane 10

Benzene 0.2

Octamethylcyclotetrasiloxane 12
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220 s (short runs), and 430 s (long runs). The long runs for
unit 39 were extended to 600 s to allow elution of DMCPS.
Once the sample regime was completed, it was repeated, so
the total session lasted approximately 4.5 h. This script
rigorously exercised the instrument and provided the max-
imum amount of data for the allowable session run time.
The AQM/SDTO results compared to the GSC analysis
were derived from the GC formatted runs (Fig. 4). The GC
method (Fig. 5) established GC windows for each target
compound and set the detector’s parameters (RF voltage,
polarity, and Vc) for each GC window. These parameters
provided maximum selectivity and sensitivity for each com-
pound. A classifier file automatically searches for each
specified peak within the GC window provided by the GC
method. The classifier narrows the search area for the peak
within the GC window to better guard against incorrect
compound identification. The integration parameters and a
response versus concentration lookup table (built from in-
strument calibration runs) are loaded into the classifier file.
When the completed classifier is automatically applied to a
GC run, it confirms the target compound’s identity and
determines its concentration by comparing the peak area or
peak height to the lookup table.

Unit 40 was the first unit to be deployed and it was
located on the Crew Health Care System (CHeCS) rack
located in the center of the LAB module. The AQM/SDTO
remained in this location until late August 2009, at which
time the CHeCS rack was removed and the AQM/SDTO
was relocated to Node 2 near the end of the LAB module
(Fig. 6). The AQM/SDTO has remained near this location
since August 2009.

The first parameter to assess from the flight experiment
data is the reproducibility of the GC retention times, because
great variability in the GC retention time would hamper

proper identification of the target compounds. The other
peak identification parameter, Vc, must be reproducible as
the peak otherwise would not be detected in the GC
window.

The excellent reproducibility of GC retention times is
shown in Table 3 for the first year of unit 40 operation on
ISS. The AQM/SDTO maintained a relative standard devi-
ation of <1 % for its first year on orbit, during which it
operated approximately twice per week with the exception
of January–February 2010 when unit 39 was being evaluat-
ed. The AQM/SDTO did not detect peaks for three of the 16
target compounds: hexane, dichloromethane (DCM), and
Octamethylcyclotetrasiloxane (OMCTS). Benzene is a spe-
cial case that will be discussed in the quantification section.
Results from GSC samples confirmed that hexane is not
present in the ISS atmosphere, but DCM and OMCTS were
detected in GSC samples.

The first runs down linked from unit 40 in May 2009
showed that the negative mode RIP had shifted from a Vc

(RF 900 V) of −15.56 to −10.56. Unit 40 had been on orbit
for 2 months prior to its use and it had been inactive for
another 2 months prior to arrival on ISS. Upon activation in
late December 2009, after 8 months on ISS, unit 39 showed
a similar shift (−16.11 to −10.00 at RF 900 V) in the
negative mode RIP and other signs of an exhausted sieve
material (hence its short 3-month operation during its first
trip to ISS). Unit 36 was activated soon after it arrived on
ISS in June 2010 and the data from the first month (Fig. 7)
provided an important clue as to what was happening to the
negative mode. The stepwise shift of the negative mode
suggested that a contaminant was increasing in the detector
and forming an ever-larger complex with the RIP (O2

−). A
subsequent study (unpublished work) showed the contami-
nant to be carbon dioxide (CO2), which was present in ISS
at high concentrations (on average ~4500 part per million by
volume-ppm). The CO2 entered the systems each time the
AQM/SDTO was activated, when ISS air was drawn in to
achieve the necessary GC column head pressure. Although
the air was scrubbed prior to use (and each time it exits the
detector), the concentration of CO2 in the atmosphere sim-
ply overwhelmed the scrubbers and that accounted for the
changing negative mode RIP observed in unit 36. Due to
acoustic concerns, the AQM/SDTO was permitted only 5 h
operation per day. After design changes to reduce certain
sound frequencies, the AQM/GFE has been approved for
continuous operation and this along with replaceable sieve
packs should maintain the negative mode RIP as O2

−.

Comparison of GSC and AQM/SDTO results

In the first year of the AQM/SDTO operation, there were ten
GSCs acquired at times and positions allowing them to be
used to evaluate the performance of unit 40. The comparison
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Fig. 4 This chromatogram is an example of a long run GC format
from the unit 40 calibration runs. This was a 10 s sample volume run of
the highest calibration mixture. The target compound peaks are iden-
tified. The remaining target compounds (methanol, dichloromethane,
and 2-butanone) are detected and quantified in the short run
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of AQM/SDTO and GSC results for target compounds con-
sistently detected above the GSC’s method detection limit
(MDL) are summarized in Table 4. Four of the six compounds
in Table 4 had 50 % or more of their results match the GSCs
within the goal (±40 %) and two agreed >90 % of the time. If
the VOA criteria (±50 %) were applied, then unit 40 matched
the GSCs for all compounds at least 50 % of the time.
Although this goal for such an instrument appears rather lax,
there are two caveats that show just how difficult it can be to
meet the stated criteria. First, as mentioned earlier, the GSC
value is considered absolute, but observe the difference in the
number of matching values between unit 40 and the GSCs if
the goal is changed to ±50 %. Furthermore, most compounds
(the exception being ethanol) were very close to the MDLs for
both techniques. In fact, the 1-butanol concentration never
exceeded twice the MDL. Secondly, when unit 40 was in the

middle of the LAB module, where the GSC sample was
acquired, it was more likely that the GSC sample was repre-
sentative of the sample acquired by the AQM/SDTO. When
unit 40 (and all subsequent units) was positioned at the end of
the LAB near Node 2 and sampling remained for a time at the
center of the LAB, it did raise questions as to whether the GSC
sample represented the AQM/SDTO sample. Although

Fig. 5 This is the GC method file used to produce the chromatogram in
Fig. 4. Shown are the parameters used to define the GC/Vc detection
window for the target compounds. The Vrf window sets the RF field for
the GC window (“start” and “end” times in milliseconds). The value
selected will affect response (less at higher RF) and separation (more at
higher RF) in Vc space. All runs in this paper used Sampling scheme 1.

Advanced detection techniques, such as detecting two peaks at different
Vcs in the same GCwindow, use Sampling scheme 5 or 6. The VcD(S) and
VcW(E) define the Vc (identical value for scheme 1) for detecting the peak.
Channel refers to the polarity of the ion being detected. Tuning, steps, and
size define the scanning parameters

Fig. 6 Unit 40 (circled in red) shown in ISS at its new position: the
junction of Node 2 and the LAB module. The AQM/SDTO’s power
supply is the large silver object just to the right of the AQM/SDTO

Table 3 AQM/SDTO unit 40 precision (%Relative standard deviation-
RSD) for the average of the GC peak retention times (s), where n0133
(ISS runs). The peak height algorithm sets the peak position at a specific
value, so the standard deviation was zero. Hexane was not detected in any
of the runs. A peak identified as benzene was detected in the runs, but
archival samples did not confirm the presence of benzene. Octamethyl-
cyclotetrasiloxane and dichloromethane were not detected in any runs
because of the presence of contamination in the drift gas that altered the
ionization characteristic of the negative mode RIP

Target compound Average %RSD

Methanol 81.8 Peak Height

Acetaldehyde 78.5 0.3

Ethanol (M) 108.6 0.6

Propanone 124.1 0.2

2-propanol 132.3 0.2

Dichloromethane ND

Hexane ND

2-butanone 183.3 Peak Height

Ethyl acetate 188.9 0.1

Benzene ND

1-butanol 227.3 0.1

Toluene 263.6 0.1

m-p xylenes 315.9 0.2

o-xylene 335.3 Peak Height

Octamethylcyclotetrasiloxane ND
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previous GSC results indicated good airflow and “mixing” in
the LAB (and Service Module) the position of the AQM/
SDTO (and its surroundings) could have impacted results.
For instance, if the crew were exercising (which they do) near
the AQM/SDTO, thenmetabolic products such as acetone and
1-butanol might be higher in this region than the center of the
LAB where the GSC was acquired. Finally, recent views
(Fig. 8a and b) demonstrate how the AQM/SDTO’s surround-
ing environment can change and this certainly may have

affected the match with GSCs, even when the GSCs were
acquired near the AQM/SDTO. These issues aside, the results
for acetaldehyde and methanol need improvement and the
addition of a “purge” [17] to remove water vapor from the
preconcentrator should allow much more accurate quantifica-
tion of these two compounds.

Except for benzene, and hexane (not detected), all of the
other target compounds (DCM, toluene, xylenes, ethyl ace-
tate, and 2-butanone) were detected at trace concentrations
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Table 4 This table presents the percent difference between unit 40
AQM/SDTO and GSC results. A positive value is an AQM/SDTO value
lower than the GSC result and a negative value is a GSC value lower than
the AQM/SDTO result. The date of the samples is in chronological order
from May 2009 to May 2010. The concentration range shows the spread
of concentrations for each compound derived from the GSC results. *The
May 27 sample showed 0.95 mg/m3 of acetaldehyde, but this specific
GSC was later determined to have a defect which led to high aldehyde

and ketone values; therefore this value was not included in the range. The
values for May 27 to Aug. 3 were samples acquired when unit 40 was in
the center of the LAB module and the black values when unit 40 was at
the end of the LABmodule near Node 2. The values in italics were from a
“speed run”, a method meant to provide a quick analysis of the atmo-
sphere and not necessarily the most accurate results for compounds at low
concentrations

Date Ethanol Propanone 2-propanol 1-butanol Acetaldehyde Methanol

27-May 34 18 −1 39 88 −79

2-Jul 35 −86 −2 50 22 −30

28-Jul 14 −41 −13 11 −126 39

3-Aug −8 −30 12 16 2 49

3-Sep 3 −78 −22 51 −133 −9

29-Sep 36 −35 −6 51 −22 58

28-Oct 7 −51 8 70 68 55

29-Nov 38 −95 −2 57 3 65

20-Apr 55 −81 5 35 14 55

18-May −31 −83 −7 41 −13 48

GSC concentration range (mg/m3) 0.87–3.2 0.21–0.62 0.1–0.22 0.06–0.11 .05–0.24* 0.23.–0.46

Number of AQM/SDTO results matching GSC (n010) results

Accuracy (+/−40 %) 9 4 10 5 6 3

Accuracy (+/−50 %) 9 5 10 8 6 5
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(identifiable, but below the MDL) in the GSCs. The unit 40
results matched closely with the GSCs for these compounds
except for benzene, 2-butanone, and occasionally ethyl ace-
tate. The reasons for the AQM/SDTO discrepancies compared
to the GSCs were two contaminants in the ISS atmosphere.
Although large concentrations were detected by unit 40 for
benzene and 2-butanone, one look at the overlaid chromato-
grams (Fig. 9) from flight and from the preflight calibration
show the source of the results were unidentified peaks eluting
close to the target compound peaks. The peak interfering with
2-butanone and ethyl acetate was trimethysilanol (TMS), but
the peak interfering with benzene has yet to be identified. In
all three cases, narrowing the peak search window in the
classifier has eliminated the interferences. However, this issue
demonstrated the need for a 2nd unit with a different GC
column (DB-5) and this has become part of the AQM/GFE
operational strategy.

The overall performance of the unit 40 AQM/SDTO was
considered very good and led to a decision to build an
operational version (AQM/GFE). There was confidence in
detection and quantification of four target compounds (eth-
anol, 2-propanol, acetone, and 1-butanol) and confident
detection of five compounds (xylenes-3, toluene, hexane)
at trace levels or those not detected in the GSCs. This gave a
total of 9/16 and the issues with the other compounds had
been identified and solutions proposed. Additionally, there
were other data that supported the confidence in the AQM
technology, namely the consistency of results (those not
matched to GSCs), which corresponded to historical ISS
data showing a rather stable contaminant load. Also, the
AQM/SDTO demonstrated the capability to follow changes
in the target compound concentrations several times in the
past 3 years, i.e., when Node 2/Cuppola was attached to ISS
in February 2010 (Fig. 10).

Fig. 8 Location and
surroundings shown in the
LAB module (near Node 2)
for AQM/STDO unit 39
(inside red box) in a) January
2012 and b) March 2012.
These surroundings can
have a profound effect
on the ability to obtain a
representative sample
of the module air
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Fig. 9 These are chromatograms from the unit 40 AQM/SDTO calibra-
tion (black and brown traces) and from operations on ISS (red trace).
Notice that the peak apex alignment for compounds such as ethanol,
acetone, and 1-butanol is very precise between all three chromatograms.
However, most noticeably for ethyl acetate, but also benzene, the peaks
from the inflight run do not align with the calibration runs. This was
strong evidence of an interfering peak, which was found to be trimethyl-
silanol near ethyl acetate. The peak near benzene is at very low concen-
tration and remains unidentified
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Fig. 10 AQM/SDTO unit 39 was operating when the hatch was opened
to the newly attached Node 3/Cuppola (hereafter Node 3). This graph
shows the increase in 2-propanol at the location of unit 39: juncture of
Node 2 and the LAB module. Four samples were acquired and analyzed
by the AQM/SDTO over approximately a 2-h period and results showed a
steadily increasing concentration of 2-propanol. A GSC sample obtained
soon after the hatch was opened showed a highly elevated 2-propanol
concentration. The AQM/SDTO’s last 2-propanol value (~2.3 mg/m3) is
very close to calculated values for the concentration at this location, given
the starting concentration in Node 3 (4.2 mg/m3) and the dilution volume
between Node 3 and the AQM/SDTO position
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Finally, subsequent development work on the AQM/GFE
prototypes verified the solutions that were developed to mit-
igate the problems encountered by the AQM/SDTO, such as
the purge for improving quantification of acetaldehyde and
methanol and the addition of a 2nd unit, with a different GC
column phase, to reduce the potential for interference by co-
eluting peaks. These AQM/GFE studies will be the subject of
a subsequent paper in the near future. However, even now,
slight method modifications and software improvements have
permitted improved detection capability for the latest AQM/
SDTO (unit 39) used on ISS. For example, instead of detect-
ing OMCTS in the negative mode, it is now detected in the
positive mode and DCM is quantified by using improved
software to determine peak areas in the scan mode. As the
name implies, a scan mode scans the entire Vc range (−40 v to
15 v) throughout the GC run. Two scan mode runs are per-
formed in each AQM/SDTO session for the purpose of detect-
ing non-target pollutants that may arise in the ISS atmosphere.
The RF 900 V scan mode (Fig. 11) supplies more energy than
the GC mode (where DCM is detected at RF 600 V) and that
extra energy appeared to supply the activation energy needed
by DCM to attach an electron [18] from this RIP. DCM is not
detected at RF900 V in the GC method, because in a clean
detector the RIP would not be shifted by the contaminant
(CO2), and the Vc of the nominal RIP (O2

−) and DCM would
be indistinguishable.

In Table 5, AQM/SDTO unit 39 results are shown compar-
ing data from the fall of 2011 to the most recent GSC returned
from ISS. Only acetaldehyde continues to be far outside the
quantification criteria (±40 %), but the purge is not present on
the AQM/SDTO units. Note that ethyl acetate was quite ele-
vated in the November 8 sample and this was verified by the
GSC results. Again, this is an example of the AQM/SDTO’s

ability to follow changes in the contaminant concentrations on
ISS. Also, Unit 39 has been providing excellent agreement
with GSC results for the new target compound, DMCPS.
There was good agreement between unit 39 and GSC results
for the remaining target compounds, which were either not
detected (benzene and hexane) or at trace concentrations (2-
butanone, xylenes, OMCTS, and toluene). The GSC results
did not detect DCM, but manually obtained data from the unit
39 scan runs showed a DCM concentration just above trace
level (~0.08 mg/m3).

Conclusion

The AQM/SDTO experiment has been operating on ISS for
almost 3 years and during that time three different instruments
have been employed. The objectives of this experiment were to
assess the technology’s capability and to identify hardware or
procedural modifications that would be required to enable this
type of monitor to function as an operational air quality monitor
on ISS. Although several compounds, such as acetaldehyde
and methanol, were difficult for the AQM/SDTO to accurately
quantify, the overall performance of the device was sufficient to
warrant building operational units (AQM/GFE). The AQM/
GFE will contain software, procedural, and hardware improve-
ments, including a purge system and replaceable sieve packs, to
address issues related to loss of sensitivity in the negative mode
and poor quantification of compounds (acetaldehyde andmeth-
anol) co-eluting with water. The inclusion of a 2nd AQM/GFE
unit, with a different GC column, will enable detection of an
expanded target compound list and further reduce the potential
for misidentification due to co-elution of non-target air contam-
inants. It was also shown that some of the issues observed at the
beginning of the experiment in 2009 have already been
addressed with the latest AQM/SDTO instrument (unit 39).

Fig. 11 Scan run of the negative ions from AQM/SDTO unit 39 in
November 2011. The dichloromethane (DCM) peak is inside the black
rectangle. This peak height is only ~15 mV and that translates to
approximately 0.07 mg/m3 of DCM

Table 5 Presented in this table are the percent differences between the
Unit 39 AQM/SDTO and the GSC results, when the concentrations
were >0.1 mg/m3. A positive value is an AQM/SDTO value lower than
the GSC result and a negative value is a GSC value lower than the
AQM/SDTO result. Both samples were acquired in 2011 with mini-
GSCs. If a value is not present for one of the sample times it means the
concentration was <0.1 mg/m3

Date 10-Oct 8-Nov

Acetaldehyde −89 −144

Methanol 31 −24

Ethanol −10 3

Propanone 27 37

2-propanol 60 41

Ethyl acetate −17

1-butanol −16

DMCPS 7 11
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