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Abstract. Volatile organic compounds (VOCs) have diverse
functionality, emission sources, and environmental fates.
Speciated measurements of their spatiotemporal variability
are thus key to understanding their impacts on air qual-
ity, health, and climate. Networks of passive samplers can
be used to map VOC concentrations, or in situ instruments
can be deployed on mobile platforms. Limitations of exist-
ing in situ instruments include high cost, identification of
non-target species, differentiation of isomeric species, and
low time resolution, which limits how quickly an area can
be spatially mapped with mobile measurements. This work
describes the development of the Multichannel Organics In
situ enviRonmental Analyzer (MOIRA), which has been de-
signed for in situ mobile measurements of target and non-
target VOCs from the cargo area of a hybrid hatchback
wagon vehicle. Staggered sample collection and analysis by
four thermal desorption collectors, four miniature gas chro-
matography (GC) heaters, and two compact residual gas
analyzer (RGA) mass spectrometer (MS) detectors enable
continuous measurements at a 10 min time resolution. Non-
target species and structural isomers can be identified with
electron ionization (EI), and species detected include alkanes
(from pentane to pentadecane) and aromatics, as well as more
oxidized species such as aldehydes, esters, and carboxylic
acids. The instrument is characterized in the laboratory un-
der different environmental conditions and in two pilot field

studies of indoor air in a single-family residence and of am-
bient air during a mobile deployment.

1 Introduction

Emitted by diverse sources, including vegetation, combus-
tion, traffic, cooking, cleaning, and volatile chemical product
production and use, volatile organic compounds (VOCs) are
subject to chemical reaction and dilution, resulting in large
spatial and temporal variability (Andreae, 2019; Arata et al.,
2021; Coggon et al., 2021; Healy et al., 2022; McDonald et
al., 2018; Sindelarova et al., 2014; Stockwell et al., 2021; Ya-
covitch et al., 2015). As precursors for ozone and particulate
matter, VOCs affect air quality, climate, and human health
(Burnett et al., 2018; Coggon et al., 2021; Donahue et al.,
2012; Kampa and Castanas, 2008; US Environmental Protec-
tion Agency, 2019). In addition, VOCs are on the list of haz-
ardous air pollutants (HAPs) designated by the US Environ-
mental Protection Agency (EPA) (US Environmental Protec-
tion Agency, 2024). Characterized by high volatility and their
presence in the gas phase, VOCs encompass diverse chemical
functionalities and structures, and their influences on human
health and atmospheric chemistry are highly dependent on
precise molecular identity (Glasius and Goldstein, 2016). For
a large fraction of VOCs that have been measured in indoor
and outdoor environments, investigations of health effects are
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limited to in silico studies in part due to challenges in esti-
mating human exposure, which is affected by the spatial and
temporal variability of individual VOCs in both indoor and
outdoor environments (Hodshire et al., 2022).

To characterize spatial variability, passive VOC samplers
with sorbents can be deployed throughout an area as a net-
work prior to offline analysis (Amini et al., 2017a, b, c; Lu
et al., 2019). The resulting spatially resolved measurements
can be used to create models for ambient exposure. To col-
lect sufficient sample quantities, passive samplers are often
deployed over days to weeks, though this time can be de-
creased to minutes to hours if actively pulling air through
the sampler with a pump. Canister samples can also be col-
lected at different locations and analyzed offline. These sam-
pling methods have also been used to measure indoor air, but
the lower time resolution is not well suited to characterizing
dynamic changes, especially from activities such as cooking
and cleaning (Chin et al., 2014; Farmer, 2019; Fortenberry et
al., 2019; Sax et al., 2004; Su et al., 2013).

Alternatively, in situ instruments with higher time resolu-
tion can be deployed to indoor environments and on mobile
platforms (Arata et al., 2021; Liu et al., 2019). For example,
the proton transfer reaction—mass spectrometer (PTR-MS)
has been deployed on mobile research labs for spatial map-
ping, hotspot identification, fenceline monitoring, and plume
chasing (Gkatzelis et al., 2021; Healy et al., 2022; Herndon et
al., 2005; Knighton et al., 2012; Kolb et al., 2004; Warneke
et al., 2014; Yacovitch et al., 2015). While its time resolu-
tion (of the order of seconds) and high sensitivity (especially
with a time-of-flight (TOF) detector) are well suited to am-
bient mobile measurements, the PTR-MS is costly and op-
erationally complex. Alternatively, a selected ion flow tube
mass spectrometer (SIFT-MS) can only measure a more lim-
ited set of target analytes but is simpler to operate (Wagner et
al., 2021). Howeyver, both of these soft ionization techniques
can be challenged by interferences between structural iso-
mers, though this can be mitigated by a thermal desorption
(TD) gas chromatography (GC) inlet, which separates differ-
ent compounds but greatly reduces time resolution (Claflin et
al., 2021).

TD-GC techniques enhance sensitivity with preconcentra-
tion prior to thermal desorption and sample transfer to a GC
column, but this lengthy process results in lower time reso-
lution. For example, photochemical activity monitoring sta-
tion sites (PAMSs) use in situ TD-GC with an flame ion-
ization detector (FID) detector for hourly VOC measure-
ments (US Environmental Protection Agency, 2019). How-
ever, FID detectors are vulnerable to coelution and cannot be
used to identify non-target analytes. In contrast, MS detec-
tors with electron ionization offer more selectivity with char-
acteristic ion fragmentation patterns. However, in situ TD-
GC-MS instruments often use large, power-intensive GC and
MS units or have large footprints that would require more
specialized research vehicles to accomplish mobile sampling
(Wernis et al., 2021). Miniaturization of MS and GC compo-

Atmos. Meas. Tech., 17, 2067-2087, 2024

nents has enabled the development of more portable systems.
The person-portable Griffin 510 has an inlet for in situ col-
lection of air samples, but reported limits of detection vary,
and issues with transfer of less volatile compounds such as
naphthalene have been reported to limit the analyte range
(Rodriguez and Almirall, 2021; Torres and Almirall, 2022;
Fiorentin et al., 2020). In addition, the time required for GC
separation by both the larger and the more portable in situ
GC-MS instruments would limit the speed of mobile map-
ping of an area, unless multiples of the same instrument were
deployed.

This work describes a new instrument, the Multichannel
Organics In situ enviRonmental Analyzer (MOIRA), which
has been developed specifically for mobile measurements
and integrates multiple TD-GC-MS measurement channels
in order to continuously sample VOCs with a time resolution
of 10 min. Four miniaturized GCs and two compact residual
gas analyzer (RGA) mass spectrometers are integrated in a
single instrument, which fits in the back seat and cargo area
of a hybrid vehicle and can be powered by the vehicle’s high-
voltage battery via an inverter and transformer. MOIRA mea-
sures VOCs in the pentane to pentadecane volatility range,
is suitable for target and non-target measurements, and can
achieve detection limits in the 10 to 100 ppt range. In this
work, the instrument is characterized under different environ-
mental conditions in the laboratory and with field measure-
ments from a stationary deployment measuring indoor air in
a single-family residence and from a mobile deployment in a
vehicle in an urban environment.

2 Instrument and methods
2.1 Overview of MOIRA instrument

MOIRA integrates four sorbent traps, four miniature gas
chromatographs, and two residual gas analyzer mass spec-
trometers into a single instrument with shared data acqui-
sition, control, and vacuum systems (Figs. 1, 2). Sampling
is continuous, switching between the four sorbent traps (in
order: Al, B1, A2, B2) every 10 min (Fig. 3). Each pair of
sorbent collector and GC channels (Al and A2, B1 and B2)
share one of two quadrupole residual gas analyzers (RGA A,
RGA B; Pfeiffer Vacuum PrismaPro QMG 250 with cross-
beam source) for detection with electron ionization (70 eV)
mass spectrometry. Ten-port rotary valves (EUH-3C10WE,
Valco) switch each pair of channels between sample loading
(i.e., collection, purging) and sample injection (i.e., thermal
desorption, GC analysis), each of which lasts 20 min.

The RGAs are controlled with PV MassSpec software
(Pfeiffer Vacuum), which acquires the MS data. Sample col-
lection and gas chromatography are controlled by a custom
LabVIEW (National Instruments) program run on a small-
form factor computer (Intel NUC 8iSBEH).
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Figure 1. (a) The MOIRA instrument during a deployment from the
cargo area of a hybrid vehicle. (b) Overhead view of the instrument.

The physical dimensions of MOIRA are a length of
1.22 m, a width of 0.58 m, and a height of 0.65m (includ-
ing the instrument chassis and its wheels but not the helium
gas cylinder). A single ultra-high-purity helium cylinder is
used for purge gas, calibration matrix in the field, and carrier
gas. A rigid scaffold including the vacuum chamber, MS de-
tectors, GCs, sample collectors, and computer is mounted to
the instrument chassis with four wire-rope vibration isolators
(Enidine WR6-950-10).

2.2 Sample collection and thermal desorption

At any given moment during ambient measurements, one of
the four sorbent collectors is sampling ambient air in non-
overlapping, 10min collections (70 mL min~!). Previously
described by Wernis et al. (2021), the sorbent collectors and
their heating blocks (Aerosol Dynamics Inc.) feature low
swept volume and low thermal mass, enabling direct, fast
sample transfer from the collector to the GC without an in-
termediate focusing collector. To enable quantitative sample
collection and transfer, Inertium® coating (AMCX, Inc) is
applied to all stainless steel surfaces in the sample flow path
that are heated above ambient temperature.

https://doi.org/10.5194/amt-17-2067-2024
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Figure 2. Flow diagram for the MOIRA instrument with flow paths
indicated for sample collection by Trap A1, GC analysis by GC A2
and GC B1, and purging of Trap B2 and GC B2. Electronic pressure
controller — EPC, gas chromatography heater with 30 m metal cap-
illary column — GC, mass flowmeter — MFM, residual gas analyzer
mass spectrometer — RGA, multibed sorbent collector — trap.

The combination of sorbents in this same multibed collec-
tor has previously been shown by Wernis et al. (2021) to col-
lect VOC:s in the pentane to pentadecane range. In the direc-
tion of sample flow during collection, the order of sorbents is
glass beads (50 mg, 4060 mesh, Sigma Aldrich), Tenax TA
(10 mg, 60—80 mesh, SIS Instruments), glass beads (10 mg,
250 um diameter, Sigma Aldrich), Carbopack B (20 mg, 60—
80 mesh, Sigma Aldrich), glass beads (10 mg, 250 ym di-
ameter, Sigma Aldrich), Carbopack X (20 mg, 60—80 mesh,
Sigma Aldrich), glass beads (10 mg, 250 um diameter, Sigma
Aldrich), and finally glass wool (Sigma Aldrich) to fill the re-
maining volume of the collector.

The sample collection flow rates are set for each chan-
nel with metering valves (SS-2MG, Swagelok) based on
measurements with a bubble flowmeter (Gilibrator-2, Sen-
sidyne). The range of flow rate measurements across chan-
nels is typically 3mLmin~! at the most. A sample flow
rate of 70mL min~! was chosen as it was just below the
maximum flow rate of the most restrictive of the four traps,
some of which had maximum flow rates over 150 mL min~!.
The variability in the flow restrictions of the different traps
is caused by differences in the packing, not in the collec-
tors themselves, and increasing the uniformity of the glass
wool packing could increase the similarity of the trap restric-
tions. Microbridge mass flowmeters (AWM3100V, Honey-
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Figure 3. Schematic of the sample collection and GC method with numbered steps for channel Al. The methods of the four channels are
staggered in time such that the 10 min sample collection periods do not overlap.

well) also monitor sample flow rate downstream of the sor-
bent collector. The original sample pump used in this work
(MPU2685-N86, KNF Neuberger, Inc.) intermittently failed
during pilot mobile measurements, and it has since been re-
placed (NPK 09 DC, KNF Neuberger, Inc.).

Following sample collection, the sorbent collector is for-
ward purged with ultra-high-purity helium (28 kPa, approx-
imately 30 to 40 mL min~") for 5min to remove water and
oxygen. The hydrophobicity of the sorbents mitigates the
collection of water. In addition, during collection, the sorbent
collector temperature is maintained at 30 &= 0.4 °C, which is
higher than the ambient dew point for a wide range of field
conditions.

After purging, the collected analytes are thermally des-
orbed and transferred to the GC column. The 10-port ro-
tary valve position is switched, and the sorbent collector is
backflushed with helium at 6 mL min~! while being rapidly
heated from 30 to 260 °C, which is maintained for 4.5 min.
Due to the low thermal mass of each trap and its heating
block relative to the power of their two cartridge heaters
(100 W each), 80 % of this temperature increase is achieved
in 35 to 40ss.
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2.3 Gas chromatography

The collected VOCs are separated by gas chromatogra-
phy with a metal capillary column (MXT-624, 30 m length,
324 ymi.d., 1.8 um phase thickness, Restek). Each of the four
GC columns is wrapped in a single layer around the exte-
rior of a miniature cylindrical hub (Aerosol Dynamics Inc),
which has a diameter of 8.5 cm and a height of 6.0 cm (Wer-
nis et al., 2021). Heavy aluminum foil (McMaster 9012K26)
and fiberglass insulation are layered on top of the wrapped
columns. A 150 W mica band heater (2.5 cm length, 7.6 cm
expanding diameter with wedge lock) contacts the interior
surface of the hub with a water-soluble heat transfer cement
(Tracit-600A, Chemex). The K-type thermocouples for the
four GCs have a one-point offset calibration with an ice wa-
ter bath.

The carrier gas flow rate is held at 6mLmin~! dur-
ing thermal desorption and then lowered to 2mL min~'.
After holding for the first 3min of thermal desorption,
the GC temperature is ramped up from 35 to 172.5°C
in 10min (13.8°Cmin~!) and then to 215°C in 4.5min
9.4°C min_l). The GC temperature is held at 215°C for
1.5min. After the GC program is complete, the channel
switches from sample injection to sample loading during
which the GC column head pressure is a constant 138 kPa.

https://doi.org/10.5194/amt-17-2067-2024
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The GC temperature set point is increased to 230 °C to purge
less volatile compounds which might otherwise carry over
between runs (backflushing GC A1 and GC B2 and forward-
flushing GC A2 and GC B1). The GC is then passively
cooled until 5min 15 s prior to the subsequent thermal des-
orption, at which point the GC blower is powered on.

2.4 Mass spectrometry and vacuum system

The GC effluent is carried into the vacuum chamber by
coated stainless steel transfer lines (127 um i.d.; Inertium®
coating, AMCX, Inc.), which are maintained at 200 °C and
are parallel to the quadrupole rods, terminating just outside
of the crossbeam ionization source of each RGA (Fig. S1 in
the Supplement). When compared to a transfer line orienta-
tion perpendicular to the hexagonal apertures and quadrupole
rods, the parallel orientation had better sensitivity in limited
testing, though the distance between the outlet of the trans-
fer line and the source was not varied. The analytes are ion-
ized at 70 eV, and the ion fragments are detected in a scan
from 20 to 200 amu at 2 ms dwell time per unit mass bin (to-
tal scan time of 553 ms, which also includes scanning and
settling time). Alternatively, the RGAs can be operated in
selected ion monitoring (SIM) mode at higher dwell times
per mass bin to increase sensitivity to a smaller number of
mass fragments which are abundant in the spectra of target
compounds. The tungsten filament is operated at an emission
current of 1000 pA.

The RGAs are contained in a single vacuum chamber with
two regions which are differentially pumped by two tur-
bopumps (Pfeiffer HiPace 300H) (Fig. S1). The source re-
gion contains the transfer line outlets and ionization sources,
and the quadrupole region contains the quadrupole filters
and electron multipliers. The conductance between the two
regions is limited by custom ceramic sheaths and spacers
which are mounted to each RGA, blocking the transmission
of helium carrier gas from the source region to the electron
multiplier region.

An aluminum plate is bolted to the vacuum chamber in
between the ionization sources of the two RGAs (Fig. S1).
For highly abundant peaks, infiltration of analyte molecules
through the gaps between the plate and the chamber walls
can result in a “shadow peak” signal at the other RGA
(Fig. S2). As an example, in the indoor pilot measurements
of limonene, RGAs A and B detected shadow peaks when
the prime channels measured concentrations above 20 and
59 ppb respectively. Comparing the relative magnitude of the
two signals is simple and sufficient to identify this interfer-
ence during data analysis. Compounds of higher volatility
have higher magnitudes of interference (which ranges from
1% to 8 %), suggesting that compounds of lower volatility
(which would also have lower thermal velocity in a vacuum
if they are higher in molecular weight) are more likely to be
adsorbed by surfaces, mitigating this effect (Fig. S3).
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The vacuum system has hardwired interlocks that are in-
dependent of the computer and LabVIEW program such
that they can operate during start-up, shutdown, and main-
tenance as well as after a power outage. The vacuum gauge
(MKS 390) must measure a chamber pressure less than
670 Pa for the turbopump motors (Pfeiffer HiPace 300H)
to turn on. In addition, the RGAs and the hot ion gauge
(MKS 350) do not receive power unless the chamber pres-
sure is less than 0.13 Pa and the turbopumps have attained at
least 90 % of their set point rotational speed.

2.5 MS tuning and correction

A high vacuum solenoid valve (009-0270-900, Parker) and
100 pum orifice (SS-1/8-TUBE-100, Lenox Laser) control the
introduction of perfluorotributylamine (PFTBA) into the vac-
uum chamber for tuning the quadrupole filters and electron
multipliers of the RGAs.

Relative to NIST library spectra, ions with greater mass-
to-charge ratios are less efficiently transmitted from the
source to the detector by the RGA’s quadrupole (Stein, 2009;
Ng et al., 2011). Section S3 describes how the mass spectra
of multiple compounds in calibration standards are used to
determine a relative quadrupole transmission efficiency cor-
rection for each RGA. The correction is not applied to the
raw data but rather can be applied to measured mass spectra
prior to library search. While the cosine similarity and Pear-
son correlation of the MOIRA and library spectra are im-
proved by the correction for several compounds, the match
factor score used by the NIST library search is less impacted
(Stein, 1994).

The electron multiplier voltages of the two RGAs are
tuned for a gain of 1000, and further increasing this gain also
increases signal noise such that doing so would not increase
sensitivity. When tuned, the overall signal of RGA A is at
least 3-fold higher than that of RGA B. Approaches for ad-
dressing this difference in sensitivity in data processing are
described in Sects. 2.9, 2.10, and 3.5.

2.6 Power requirements and heater control

MOIRA requires an average of 900 W of power during mea-
surements and 600 W in standby. Maximum power consump-
tion of 1100 W (as measured at 1 Hz) occurs during the
first minute of thermal desorption (Kill A Watt EZ model
P4460.01). In deployments where minimizing power con-
sumption is a priority, the sample collection and GC method
can be modified to cool transfer line temperatures between
samples and to use cooler transfer line temperatures, espe-
cially if the priority target analytes are more volatile.
MOIRA has 26 heated zones, which are controlled by the
custom LabVIEW program using modified code from the
proportional—integral-derivative (PID) control toolkit (Lab-
VIEW 2012, National Instruments). The heater duty cycles
are staggered with a bin-packing algorithm to minimize in-
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stantaneous power consumption. In addition, the PID Ad-
vanced VI has been modified to enable fractional decreases in
the PID output to limit maximum power consumption while
limiting impacts to data quality and instrument operation. Fi-
nally, automatic heater shutoff upon detection of anomalies
in a temperature zone’s response detects operational irreg-
ularities and prevents catastrophic damage to components.
These functionalities both give greater user control in field
deployments during which power might be limited and sup-
port safe operation of the instrument, especially during mo-
bile deployment. Further details are given in Sect. S1.2.

2.7 Liquid calibration standards

Liquid calibration standards were prepared in methanol
(for gas chromatography, MS SupraSolv®, Supelco 100837)
from pure components and purchased mixes. Given the po-
tential for VOC calibration standards to evaporate over time
during storage, separate standards were prepared for the fol-
lowing: (1) indoor measurements and breakthrough tests (in-
cludes Accustandard M-8240A (method 8240) and Accus-
tandard VPH-WA-10X (aliphatic and aromatic mix)); (2) cal-
ibration curve, relative humidity, and ozone tests (includes
Accustandard VPH-WA-10X (aliphatic and aromatic mix)
and Accustandard CLP-022-PART-B) (VOC mix)); (3) tests
of aldehydes and ketones with ozone (includes Accustandard
M-554-R1 (aldehydes and ketones)); and (4) mobile mea-
surements (includes Restek 30632 (VOC mix) and Supelco
UST157 (alkanes)). All injections, including in-syringe dilu-
tions, are 1 pL.

Liquid calibration standards can be injected via a syringe
at a 3.2mm (1/81in.) Swagelok tee with a Viton septum se-
cured by a reducing port connector and held at either 65 °C
(indoor measurements, breakthrough tests) or 75 °C (all other
measurements). During laboratory calibrations, zero air is
connected to the sampling inlet to evaporate the calibration
analytes and carry them to the collectors. When zero air
is unavailable during field measurements, ultra-high-purity
helium GC carrier gas is used instead, following the same
flow path through the manifold mixing solenoid valves as the
purge helium shown in Fig. 2.

Trap retention and breakthrough were tested by varying
the time between the calibration standard injection and ther-
mal desorption (5, 7.5, 10, and 15 min). In addition, the ef-
fects of elevated ozone (100 ppb) and relative humidity (95 %
RH at 20 to 23 °C) were tested by alternating between the
test condition (n = 3) and the field calibration method, which
uses helium as the matrix gas (n =4). The same test was done
for dry zero air. The ratios of the peak areas for the test con-
dition (elevated RH or ozone) and the average of the peak
areas with helium matrix just prior and following were av-
eraged for each condition. The effects of elevated ozone and
RH with respect to dry zero air were calculated as the ratio
of the averaged ratios for the environmental condition of in-
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terest (zero air with 100 ppb ozone or zero air at 95 % RH)
and the averaged ratios for the dry zero-air condition.

A calibration curve with six replicates of seven concentra-
tion levels was measured. One replicate of each concentra-
tion level was measured on a given day. To correct for drift in
instrument sensitivity, a correction factor for all compounds
was determined from the peak areas from a single tracking
concentration level T (the third largest of seven). First, each
daily measurement of peak area At,;; of each compound i
on day j at the tracking concentration level T was normal-
ized by the mean peak area AT ;mean across all days for a
given channel. Then, for each day j, the daily correction fac-
tor C; was calculated as the median ratio for all compounds
at the tracking concentration level:

A ..
C;j = median <i> . (1)
AT,i,mean

All concentration levels for a given day could then be cor-
rected for drift by normalizing by the daily correction fac-
tor, which ranged from 0.90 to 1.14. This correction factor
reflected instrument drift better than measurements of the
PFTBA tuning standard, likely because PFTBA abundance
is sensitive to other factors, including the flow of helium car-
rier gas into the ion source and potentially the temperature of
the PFTBA vial and instrument.

An additional four-point calibration curve (n=1) was
measured with a selected ion monitoring method to evalu-
ate sensitivity at lower concentrations and higher dwell times
(Table S1).

2.8 Data processing and quantification

Peak areas were quantified using the TAG ExploreR and
iNtegration (TERN) package in Igor Pro (WaveMetrics)
to integrate the peak areas of single ion chromatograms
(Isaacman-Vanwertz et al., 2017). Compounds were identi-
fied by searching their mass spectra (with quadrupole trans-
mission correction described in Sects. 2.5 and S3) with the
NIST Mass Spectral Search Program for the NIST/EPA/NIH
Mass Spectral Library (demo version 2.0f) and considering
both search scores and retention time indices (Stein, 2009).
Table S3 describes the confidence in compound identifica-
tions included in this work (i.e., confirmation with calibration
standard, search score, etc).

Applying calibration curves is one approach to addressing
differences in sensitivity between the channels, and both lin-
ear and power fits were investigated here (Kreisberg et al.,
2009). Power-law fits can be appropriate when the transfer
of an analyte is affected by its loading such as near the detec-
tion limit. However, a compound may not be present in the
calibration standards. Different datasets are amenable to al-
ternate approaches as exemplified by the indoor and mobile
measurements in the subsequent sections.

https://doi.org/10.5194/amt-17-2067-2024
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2.9 Indoor field measurements

From 8 to 11 December 2021, indoor air was measured
in a single-family residence in St. Louis, Missouri. Var-
ious household activities were performed throughout the
study, including cleaning, cooking, door opening, and win-
dow opening (Table S4). The inlet of the sample tubing
(10.8 m length, 6.35 mm outer diameter) was located in the
kitchen with a 25 mm quartz filter at the instrument inlet.

Daily tracking standards were analyzed on 9, 10, and
11 December for all four channels, and these responses were
used to calculate a daily sensitivity factor that corrects for in-
strument drift over time as described in Sect. 2.7. On 11 De-
cember, an additional four concentration levels were ana-
lyzed, and these multi-point calibration data were fit with a
power law.

Since only a subset of compounds were in the calibration
standard, compound-specific correction factors for RGA sen-
sitivity differences were also calculated for each compound
from the time series measurements themselves. First, RGA B
peak measurements with non-zero RGA A peak measure-
ments for that same compound in both the preceding and the
following chromatogram were identified. The mean of the
adjacent RGA A peak areas was plotted versus the RGA B
peak area. Measurements which had a Cook’s distance of
greater than 4 were removed, recalculating this parameter
without the excluded data until all points met this threshold.
A line through the origin was fitted for the remaining data,
and the slope of this line was taken as the compound-specific
correction factor for RGA sensitivity. If there were not suf-
ficient measurements such that there were at least six mea-
surements remaining after points in exceedance of a Cook’s
distance of 4 were removed, then the factor was calculated
using a linear regression of the compound-specific factors for
other compounds and their quantification ions (Fig. S15).

The underlying assumption of this approach is a constant
rate of change in concentration over three samples (30 min).
For example, if the species concentration increases at a con-
stant rate, then the concentration of a given sample is equal
to the average of the previous and subsequent sample. The
multiple iterations of Cook’s distance test are used to remove
the influence of the most dynamic events, which do not ful-
fill this assumption (e.g., the initial increase in concentration
at the beginning of cooking), not to remove statistical out-
liers in a strict sense. For compounds quantified with liquid
calibration standards, the root mean square deviation of the
compound-specific factor from the ratio of the means of the
calibration curve slopes for RGA B channels and RGA A
was 14 %.

2.10 Pilot mobile field measurements
Pilot mobile measurements were acquired from 20 to 21 July

2022 in St. Louis, Missouri. MOIRA was deployed in a
2012 Toyota Prius V and was powered by the hybrid ve-
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hicle’s high-voltage battery via an inverter and transformer
(PlugOut v4.1 kit, PlugOut Power, LLC). A 47mm PTFE
filter was mounted toward the front and middle of the ve-
hicle roof. The inlet tubing (6.35 mm outer diameter, 2.2 m
length, PFA) was insulated together with a self-regulating
heater, which maintained a temperature of 44 to 46 °C dur-
ing laboratory tests. The sample tubing heater was off during
the 20 July measurements. The vehicle location was contin-
uously recorded with a Qstarz BT-Q1000XT GPS data log-
ger, and the locations of the sample collections are shown in
Fig. S17.

This first mobile deployment uncovered several practical
challenges which limited data recovery and time resolution
but which can be addressed with simple changes in future
campaigns. First, the AC motor of the sample pump over-
heated, shutting down intermittently on 20 July. An alternate
pump was used on 21 July, and mass flowmeter measure-
ments were used to correct all peak areas by normalizing by
the ratio of the sample volume and the mean sample volume
for each channel on 21 July. Second, the barrel jack supply-
ing power to the ethernet switch was sensitive to vibration
on 21 July. Since the computer only had a single ethernet
port, only one RGA could be used to acquire data when this
issue worsened. To address this, the power input has been
soldered, and the ethernet switch has been mounted to the
vibration-isolated portion of the instrument.

During these measurements, RGA A used a 2ms scan
method, while RGA B used a SIM method (Table S1). In
the absence of calibration data, the sensitivity difference be-
tween the RGAs was corrected by multiplying all RGA B
measurements by the slope of the line fitted to the peak ar-
eas of two samples which were consecutively collected at the
same location (Fig. S18, slope: 3.17, R2: 0.99). One com-
pound with Cook’s distance exceeding 4 was excluded from
this fit.

3 Results
3.1 Range of analytes

Example chromatograms analyzed while cooking food dur-
ing the indoor field study and from a liquid calibration stan-
dard injection are shown in Fig. 4. Table S3 includes a com-
plete list of compounds identified from the indoor (n = 108),
mobile (n =40), and calibration measurements (n =45). A
wide range of compound classes has been detected.

— Alkanes. Straight-chain and branched alkanes with car-
bon numbers ranging from Cs to C;s are detected.

— Aromatics. The BTEX compounds (benzene, toluene,
ethylbenzene, xylene) are all within MOIRA’s
range. Other aromatic compounds of note include
1,2,3-trimethylbenzene, 1,2,4-trimethylbenzene,
and 2-methylfuran. Polycyclic aromatic hydro-
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carbons (PAHs), including naphthalene and 1-
methylnaphthalene, elute late in the chromatogram.

— Biogenic markers. Isoprene, «-pinene, B-pinene,
myrcene, and limonene, as well as isoprene’s oxidation
products, methacrolein and methyl vinyl ketone, were
detected.

— Aldehydes. Saturated aldehydes containing 3 to 11 car-
bons were detected during either the indoor or the mo-
bile measurements. In addition, acrolein, furfural, ben-
zaldehyde, and unsaturated aldehydes ranging from four
to eight carbons were also detected in indoor samples.

— Alcohols. Methanol is not well retained by the trap and
is thus used as the solvent in calibration standards. Alco-
hols ranging from two to eight carbons (including ben-
zyl alcohol) were detected during the indoor field study,
but breakthrough has not been evaluated for the smaller
alcohols. Based on retention time indices, it might be
possible to detect larger alcohols including undecanol.

— Carboxylic acids. Acetic, propanoic, and benzoic acids
were all detected during the indoor field study. In addi-
tion, formic acid and larger acids such as hexanoic acid
were detected during mobile measurements.

— Ketones. Acetone and methyl ethyl ketone were de-
tected during the field study with larger ketones (six car-
bons) detected in the calibration standard.

— Esters. During the indoor field study, many ester and ac-
etate compounds were detected, including several with
similar mass spectra to 4-tert-butylcyclohexyl acetate.

— Sulfur-containing compounds. During food cooking, di-
allyl sulfide and an unknown sulfur-containing com-
pound were detected.

— Chlorine-containing compounds. A different calibration
mix from that shown in Fig. 4b included chlorinated
compounds, including tetrachloroethylene (TCE). 1,1-
Dichloroethane and 1,2-dichloroethane were not well
retained by the trap as described in Sect. 3.4.

While retention time indices suggest that larger members
of these series could be within the range of MOIRA as noted,
it is possible that transfer in the inlet or instrument may limit
this range such that these species are not observed (Stein,
2009; Schauer et al., 2002). In particular, the inlet tubing and
quartz filter were not heated during the indoor measurements,
and the inlet was not heated during the first day of mobile
measurements. In addition, breakthrough testing would need
to be done for the most volatile compounds, for which collec-
tion may not be quantitative (see Sect. 3.4), though previous
work with the same collector and sorbent combination sug-
gests safe sampling for compounds such as isoprene, methyl
vinyl ketone, and methacrolein (Wernis et al., 2021). While
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carryover of less volatile analytes between samples is eval-
uated in Sect. 3.5.1, this analysis does not include all com-
pound classes and notably omits carboxylic acids.

Peak width is wider at the beginning of the chromatogram,
decreasing from over 10s full width at half maximum
(FWHM) for pentane to less than 3 s for most compounds
with retention times greater than 900 s (Fig. S10). This sug-
gests that more volatile early eluting analytes are not well fo-
cused by the GC such that their peaks are broadened by the
time distribution of their release from the trap during thermal
desorption.

3.2 Precision of GC temperature control and retention
time

Consistency in retention time is important for comparison
across channels and relies on precise trap and GC tempera-
ture control. For the indoor measurements, the range in each
channel’s GC temperature measurements at 1 Hz is typically
less than 1 °C with greater variability occurring in the second
GC ramp (orange) and hold above 180 °C (pink) (Fig. 5b).
As a result of this precise temperature control within each
channel, the standard deviation in retention time within each
channel is less than 2.5 s for the selected compounds shown
in Fig. 5d with the exceptions of isoprene (channel B1) and
tetradecane (Ci4, channel Al). However, the range between
the channels is larger (up to 20 s at the beginning of the chro-
matogram), but this range is smaller (~ 10 s) and more con-
sistent in the second half of the chromatogram.

While channels with consistently higher temperatures
during the second GC ramp (orange-shaded region) and
hold (pink-shaded region) tend to elute earlier as expected
(Fig. 5c, d), interchannel deviations in temperature and reten-
tion time are not directly related during thermal desorption
and the initial GC ramp. This could be due to differences in
the insulation of the GC hub and GC transfer lines that affect
the uniformity of the GC column temperature, particularly
when these temperature regions have a large difference in
temperature set point at the beginning of the chromatogram.

3.3 Environmental conditions (ozone, relative
humidity)

There are no significant compound-specific differences be-
tween collections at 10 % and 95 % relative humidity (Fig. 6).
Within channels, channel A1 tends to have lower recovery at
95 % RH, and channel B2 recovery tends to be higher, but
these interchannel differences are not significant.

Of the selected compounds in the calibration standards,
only limonene and «-pinene have expected ozonolysis life-
times that are less than 4 h (Table S2). With 100 ppb ozone,
limonene is depleted in all channels (minimum recovery:
T77+2% for A2; maximum: 94 +3 % for B2) but not as
much as expected (73 % recovery for a 10 min sampling
period) given its gas-phase lifetime (r: 32min) (Fig. 6b).
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Figure 4. Single ion chromatograms from (a) an indoor sample during food cooking from the field deployment at a single-family residence
and (b) analysis of a liquid calibration standard. Alkanes are listed as their carbon number.

a-Pinene recovery (minimum: 95 £ 3 % for A2; maximum:
107 +5% for B1) also exceeds expected recovery (88 %)
given its lifetime (z: 80 min). Sorbent adsorption, the lig-
uid standard injection process, and partial ozone scrubbing
by metal surfaces in the instrument may be mitigating ozone
depletion. With the same collector and ozone concentration,
Wernis et al. (2021) observed a greater depletion of limonene
(70 % recovery) than observed in this work, likely due to a
longer sampling period (23 min vs. 10 min).

Unexpectedly, ozone decreases the recovery of larger
members of the aldehyde and alkane series as well as for
DMF (Fig. 6). The long lifetimes of these compounds sug-
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gest that reaction is not the cause of this depletion (Table S2).
Since this depletion covaries with compound boiling point,
we hypothesize that ozone activates a surface which adsorbs
these compounds. However, we are unsure as to why similar
depletion is not seen for other less volatile compounds such
as naphthalene and 1-methylnaphthalene.

An ozone scrubber could be placed at the instrument in-
let to mitigate reaction with ozone. However, its location
upstream of the calibration standard injection ports would
prevent use of liquid standards to characterize scrubber ef-
fectiveness and artifacts. Thus, in the absence of a system
for gas calibration standards, we did not evaluate the effec-
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tiveness or artifacts of an ozone scrubber. We did not use an
ozone scrubber for the mobile measurements (ambient 0zone
hourly average ranging from 31 to 64 ppb) or the wintertime
indoor measurements. In future measurements, the inlet par-
ticulate filter could be replaced by quartz filters impregnated
with sodium thiosulfate as done in other sorbent-based of-
fline and in situ VOC measurement methods (Helmig and
Vierling, 1995; Wernis et al., 2021; Fick et al., 2001).

3.4 Analyte transfer and breakthrough

Analyte transfer and breakthrough were evaluated by varying
the time between liquid standard injection and thermal des-
orption (Fig. 7). Pentane is omitted from this analysis, since
the instrument response decreased over time for this com-
pound, suggesting evaporation from the calibration standard.
In addition, carboxylic acids are not represented in this test
since the standard solvent (methanol) was unsuitable.

Atmos. Meas. Tech., 17, 2067-2087, 2024

Transfer from the injection port to the inlet is quantitative,
as increasing sampling time does not result in increasing re-
covery of less volatile analytes (e.g., dodecane, naphthalene,
1-methylnaphthalene, tetradecane). In addition, most volatile
analytes (including isoprene, hexane, and benzene) are well
retained by the sorbent collector with a 700 mL sample vol-
ume, which is equivalent to the 10 min sampling time used
in this work. Exceptions are 1,2-dichloroethane (channel B2
only) and 1,1-dichloroethane (all channels), which both ex-
hibit declines in response from 5 to 10 min sampling time.

The slight decrease in peak area for isoprene on all chan-
nels at 15 min (mean of 7 % decrease relative to 10 min re-
sponse) could indicate that this analyte might break through
the trap if the method was altered to increase the sample time
or flow rate above 10 min. However, the sorbent trap design
as well as sorbent types and amounts were determined by
Wernis et al. (2021) to have breakthrough volumes greater
than 2000 mL for isoprene as well as the sum of methyl
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Figure 6. Recovery of compounds in calibration standards with (a) 95 % RH and (b) 100 ppb ozone relative to zero air (10 % RH, 0 ppb
ozone). (¢) Boiling points of compounds in calibration standards. Alkanes are listed as their carbon number. Aldehydes and cyclohexanone
were included in a separate calibration standard, which was tested only with ozone.

ether ketone and methacrolein (Wernis et al., 2021). As mea-
sured by the mass flowmeters with a two-fold correction for
gas type (30mL min~!), the 5min helium purge following
MOIRA'’s sample collection is approximately 150 mL. Thus,
the total sample and purge volume for a 15 min collection
at 70 mL min~—! is 1200 mL, which is still less than the re-
ported breakthrough volume for these compounds. One pos-
sible cause for this discrepancy is that our tests overestimate
breakthrough since the liquid standard injection delivers all
the analytes at the beginning of the sampling period (as op-
posed to continuously throughout).

3.5 Laboratory calibration

Over the course of the experiment, the peak areas for the
most volatile analytes (isoprene, pentane, methyl tert-butyl
ether (MTBE), hexane) declined throughout the calibration
curve experiment. We hypothesize that this is due to evapo-
ration of the most volatile analytes from the liquid calibration
standards. The calibration curve experiment started 21 d af-
ter the liquid calibration standard was prepared and ended 9 d
later after six replicates of the seven-point calibration curve
were obtained for each channel. These compounds have thus
been omitted from calculations of the precision of the instru-
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ment. In addition, sets of replicates for a given compound,
channel, and concentration level for which less than six non-
zero responses were obtained have been excluded from the
calibration curve and precision calculations.

3.5.1 Instrument blanks and sample carryover

The zero level in the calibration curve was used to evaluate
contamination of instrument blanks (Table S4). Some ana-
lytes (octane, naphthalene, n,n-dimethylformamide, pentade-
cane) were measured in only the A1 and A2 blank samples,
though this level of contamination may simply be below the
detection limits for the B1 and B2 channels (Sect. 3.5.2). De-
cane was measured in blanks for all channels, and all blank
measurements were less than 50 ppt except for benzene in
channel Al (123 £21 ppt). The high volatility of benzene
suggests this might be a product of material degradation.
Subsequent to the highest concentration level in the cal-
ibration curve experiment, material desorbed from an addi-
tional collection from the trap was analyzed to evaluate car-
ryover (Table S5). Analyte concentration in the initial in-
jection ranged from 2.3 to 9.2 ppb for different compounds,
and subsequent carryover was less than 5% except for n-
dimethylformamide (ranged from 3 &1 % in A2 to 26 9 %

Atmos. Meas. Tech., 17, 2067-2087, 2024
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in B1), I-methylnaphthalene (13 £ 15 % in B1 only), tetrade-
cane (20£7% in B1, 6+3% in B2), and pentadecane
(ranged from S+ 1% in A2t047 + 11 % in B1). These com-
pounds are all more difficult to transfer due to either volatil-
ity or functionality. The consistently superior performance of
A2 and poor performance of B1 suggest that channel-specific
differences such as active sites or cold spots may drive this
carryover.

3.5.2 Minimum detected concentrations and limits of
detection

The more sensitive RGA A is capable of measurements be-
low 100 ppt with the full scan (2ms dwell time per amu)
for all compounds which were tested below that threshold
in the seven-point calibration (Fig. 8c). In contrast, the mean
minimum concentration levels detected by channels B1 and
B2 with the 2 ms full-scan method were 289 and 283 ppt re-
spectively (Fig. 8c). For the SIM method, the lowest of the
tested concentration levels (< 100 ppt for all compounds) is
detected by all channels (Fig. 8c). Thus, to measure concen-
trations as low as 100 ppt, the higher dwell times of the SIM
method should be used by RGA B (Table S1). As such, dur-
ing the mobile measurements in this work, the 2 ms full-scan
method is used by RGA A, while a SIM method is used by
RGA B. In Fig. 8c, the minimum detected concentrations
in Fig. 8c are equal to the minimum injected concentrations
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1 sample flow

(i.e., the smallest level in the calibration curves) for all but
one SIM measurement and all of the 2 ms full-scan measure-
ments by RGA A. Thus, the actual instrument sensitivity for
these measurements is better than suggested by the minimum
detected concentrations shown in Fig. 8c.

Limits of detection (LODs) were calculated from two mea-
sures of uncertainty: the baseline noise opaseline Of a blank
chromatogram according to Eq. (2) and the standard error
Ointercept Of the intercept of the calibration curve (Eq. 3)
(Fig. 8a):

30paseli

LODyaseline = ﬁ, 2)
30

LODintercept = %, (3)

where S is the slope of the calibration curve. opyseline i the
standard deviation of the quantification ion at the compound
retention time. For each channel, MS baseline noise as a
function of retention time is calculated as the rolling standard
deviation of the signal of the quantification ion from a blank
chromatogram. The windows for standard deviation calcu-
lations are centered and contained 21 scans. To calculate
Obaseline, the standard deviation is smoothed with a two-pass,
boxcar algorithm whose window width was 250 scans, which
is 1/10 of the total number of scans in the chromatogram.
The baseline noise for RGA B is higher than that for
RGA A, reflected in higher LODygeline for channels B1 and
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B2 in Fig. 8a. For both RGAs, the LODs calculated by Eq. (2)
(Fig. 8a) were less than the minimum concentration levels
detected in the seven-level calibration curve (Fig. 8c), indi-
cating that the MOIRA instrument is not currently as sensi-
tive as predicted by Eq. (2).

In comparison to LODpygeline (Fig. 8a) and the mini-
mum detected concentration (Fig. 8c), LODintercept values for
RGA A were similar to those for RGA B (Fig. 8b). For the
2 ms full-scan method, mean LODjy¢ercept Tanged from 93 ppt
for Al to 169 ppt for Bl; for the SIM method, the mean
LODintercept ranged from 7 ppt for A2 to 22 ppt for B2.

3.5.3 Evaluating correction methods for interchannel
sensitivity differences and instrument drift over
time

As described in Sect. 2.7, a daily correction factor compen-
sated for the drift in instrument sensitivity throughout the
multi-day calibration experiment. Only a single concentra-
tion level of the seven was used to calculate this daily cor-
rection factor to simulate the use of a daily tracking standard
during a field or lab campaign, as is done in the indoor mea-
surements in this work. The Pearson R? for the daily correc-
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tion factors for Al and A2 is 0.94, suggesting that drift in
the shared MS detector was the main contributor to changes
in sensitivity over time, though the correlation for B1 and
B2 was not as strong (R?=0.45). To evaluate if the daily
correction improves measurement repeatability, the normal-
ized root mean square deviation (NRMSD) from the mean
for each channel was calculated (Fig. S13):

()

Ymean

N

where y is the instrument response; ymean 1S the mean re-
sponse for the same compound, channel, and concentration
level; and N is the total number of measurements. When the
daily correction factor was used, the NRMSD improved for
all channels: 9 % to 6 % for Al, 7 % to 4 % for A2, 15 % to
14 % for B1, and 12 % to 11 % for B2. These NRMSD values
represent the single-channel repeatability or precision.

The linear calibration curves demonstrate good linearity,
though a power fit is more representative at lower concen-
trations for some compounds (Fig. 9, raw peak areas shown
in Fig. S11, Pearson R? for other compounds in Fig. S12).
While the channels that share an RGA have similar sensi-

NRMSD = ) “)
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Figure 9. Linear and power calibration curves (error bars £1 standard deviation) for (a) toluene, (b) octane, (¢) 2-hexanone, and (d) 1-
methylnaphthalene. For a similar scale across channels, peak areas are corrected by each channel’s sensitivity factor (Fa1 =1.68, Fap =1.83,
Fg1 =0.227, Fg =0.250), which is the median ratio (across all compounds) of the calibration curve slope for a given compound and
channel and the mean slope for that compound for all four channels. The inset plot shows the lower range of data. The open circles indicate
concentration levels for which no peak was detected among at least one of the 2 ms scan replicates (n = 6). Pearson R? values include only
replicates for which n = 6 (whose mean is represented by the filled circles).

tivity, RGA A is approximately 7 times more sensitive than
RGA B in this calibration experiment. To show the four chan-
nels on a similar scale, the data in Fig. 9 are corrected with a
channel sensitivity factor F, which is the median ratio (across
all compounds) of the calibration curve slope m; channel for
a given compound i and channel and the mean slope for that
compound for all four channels:

M, Channel

- )
mean (m; A1, M; A2, Mi Bl M B2)

Fchannel = median (

Thus, the deviations between the calibration curves for the
different channels in Fig. 9 are proportional to the errors if
the channel sensitivity factors were used to compensate for
the RGA sensitivity difference instead of a calibration curve.
For example, channels Al and A2 have a slightly higher
sensitivity to more polar (e.g., dimethylformamide) and less
volatile (e.g., naphthalene) compounds. This may indicate
an active site between the calibration standard injection tee
shared by B1 and B2 and the rotary valve.

Since the RGA sensitivity difference is larger than other
interchannel differences, a similar RGA sensitivity factor can
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be calculated:

mean (m; A1, M A2)

Frga = median
mean (m; A1, mi A2, Mi BI1, M B2)

(6)

Both the channel sensitivity factors and RGA sensitivity fac-
tors can be used to correct for the sensitivity differences
in the four channels, particularly when a compound is not
present in a calibration standard:

For all channels :

Peak areacorrected = Peak area/ Fchannels @)
For RGA B only :
Peak areacorrected = Peak area x FRga. (8)

To compare these two approaches with linear and power-
law calibrations, the repeatability of the instrument’s four-
channel response was evaluated with the NRMSD with re-
spect to the mean response Ymean across all channels for the
same compound and concentration level (Fig. S14). For all
compounds in the calibration standard, the NRMSD for the
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channel and RGA sensitivity factor methods (14 % and 14 %
respectively) are only slightly higher than that of the linear
calibration curve (13 %) and better than that of the power-law
calibration curve (16 %). In comparison to the four-channel
repeatability, the single-channel repeatability (calculated as
the NRMSD with respect to the mean response for a sin-
gle given channel) is much better for channels Al (6 %),
A2 (4 %), and B1 (11 %) but similar for channel B2 (14 %).
While the interchannel repeatability of the power-law cali-
bration curve was worse than that of the linear calibration
curve, extrapolation of the power law provided a better fit of
the SIM data of some compounds at lower concentrations,
which are not included in the regression. Power-law calibra-
tions can be appropriate if the transfer of an analyte depends
on its concentration, but in this case, the better fit is likely
due to the inclusion of the origin in the power law (Kreis-
berg et al., 2009). When the four-channel precision is calcu-
lated for individual compounds, the NRMSD is the highest
for dimethyl formamide, tetradecane, and pentadecane, sug-
gesting interchannel differences in the transfer of these more
polar or less volatile compounds (Fig. S14).

3.6 Indoor measurements

Figure 10 shows a time series of eight compounds from 9h
of the indoor measurements, and the last column in Table S3
lists all compounds which were quantified in this pilot study.
Not all of these compounds are in the calibration standard,
so the relative abundance with the compound-specific cor-
rection described in Sect. 2.9 is shown (normalized to the
maximum value) instead of the calibrated mixing ratio. This
compound-specific correction leverages time series depen-
dence in order to merge the RGA A and RGA B data into
a single time series without resorting to smoothing, which
would distort sudden changes in concentration. For this same
time period and selection of compounds, Fig. S16 also in-
cludes raw peak areas, mixing ratios from the power-law cal-
ibration curve for compounds in the calibration standard, and
responses that have been corrected with the channel factor
approach described in Sect. 3.5.3. The compound-specific
factor provides a more precise correction than the channel
sensitivity factor, perhaps because of the more diverse range
of compounds detected relative to that of the calibration
curve experiment.

The activities in this period (which are numbered in
Fig. 10) include using a plug-in air freshener (1), stir-frying
vegetables (2-5, 12—14), washing dishes by hand (6), clean-
ing the floors with a pine-scented cleaner (7, 17), and open-
ing the window (11-12, 15-16). Before the air freshener is
plugged in (1), hexyl acetate is only detected by the more
sensitive Al and A2 channels. Hexyl acetate increases in
concentration when the air freshener is plugged in (1) and de-
creases when ventilation increases (opening windows from
11 to 12, opening windows and turning on vent fan from
15 to 16). Limonene and «-pinene increase during both stir-
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Figure 10. Time series indoor measurements of (a) relative abun-
dance of VOCs with compound-specific correction and normal-
ization to the maximum measurement, (b) mixing ratios for com-
pounds included in the calibration standard, and (c) PM> 5. The ver-
tical lines correspond to the following activities (with times rounded
down to the nearest sampling time): 1 — air freshener plugged in; 2
— chopped vegetables; 3 — heated vegetable oil; 4 — stir-fried onion,
garlic, and ginger; 5 — stir-fried mushroom with black pepper; 6
— washed dishes, 7 — cleaned floors with pine cleaner and opened
kitchen door; 8 — closed kitchen door; 9 — opened kitchen door; 10
— closed kitchen door; 11 — opened windows; 12 — closed windows;
heated oil and black pepper; 13 — stir-fried onion; 14 — stir-fried
mushrooms; 15 — opened windows, turned on vent fan; 16 — closed
windows, turned off vent fan; 17 — cleaned floors with pine cleaner,
opened kitchen door.

frying periods with the timing dependent on the addition
of black pepper (last step (5) in the first stir-fry, first step
(12) in the second stir-fry). Of the compounds shown, oth-
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ers with large enhancements during cooking include octane
and isobutyraldehyde. During the first stir-fry, the early in-
crease in camphene may be from emissions when the veg-
etables were chopped (2). After dishwashing (6), limonene
abundance increases. When cleaning the floors with pine-
scented cleaner (7, 17), camphene abundance increases, but
the already-abundant concentration of limonene after stir-
frying likely masks the expected emissions of this compound
from the pine-scented cleaner. When the door between the
kitchen and the house’s lower level is opened (6 to 7, 9 to
10, 17), naphthalene and toluene abundances increase, pos-
sibly due to airflow from the lower level to the kitchen. The
house’s lower level includes a single-car garage, where a car
is regularly parked, and where a gas-powered push lawn-
mower, gasoline container, and household chemicals includ-
ing mothballs are stored.

3.7 Spatially resolved concentration mapping from
pilot mobile measurements

The pilot mobile measurements in this work are the first at-
tempted with the MOIRA instrument. A total of 40 com-
pounds were quantified, and maps of toluene and methyl
ether ketone concentrations are shown in Fig. 11. As an
example, during the collection of the sample labeled in
Fig. 11a, the vehicle traveled 2.2 km at an average velocity
of 13kmh~!. As described in Sect. 2.10, this initial work un-
covered now-resolved issues with the sample pump and eth-
ernet switch that limited data recovery. If data recovery had
been complete, the samples in Fig. 11 would have required
less than 4 h of sampling time.

Previous mobile measurements of toluene have been as-
sociated with petroleum fuel emissions, including by vehi-
cles, and in this work, toluene concentrations were the high-
est in samples during which the mobile platform was parked
at gasoline and diesel fueling stations (Gkatzelis et al., 2021;
Healy et al., 2022). Methyl ethyl ketone (MEK) has pre-
viously been apportioned to volatile chemical products and
chemical waste facilities, and the sample with the highest
MEK concentration was collected nearby a volatile chemical
product vendor (Gkatzelis et al., 2021; Healy et al., 2022).
Other notable compounds include isoprene and its oxida-
tion products, including methacrolein, methyl vinyl ketone,
formic acid, and acetic acid (Table S3, last column identifies
compounds observed during mobile measurement).

4 Discussion

MOIRA integrates four TD-GC-MS measurement channels
in a single instrument, enabling a faster time resolution with
synergies in footprint, power optimization, and cost from
shared control, electronics, and vacuum systems. Continu-
ous 10 min integrated samples have a fast enough time res-
olution to capture dynamic changes in the indoor environ-
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ment or to map VOC concentrations with mobile sampling
while achieving sufficient GC performance and measure-
ment sensitivity. The instrument’s first mobile measurements
described in this work demonstrate the feasibility of using
MOIRA for spatially resolved measurements from a hybrid
vehicle, using its high-voltage battery to power the instru-
ment. While vibration and power challenges limited data re-
covery in this first mobile deployment, these issues do not
involve the GC or MS sections of the instrument and have
been addressed in preparation for future measurements. With
a volatility range bounded by pentane and pentadecane, com-
pounds measured include aliphatic and aromatic hydrocar-
bons as well as oxidized species including carboxylic acids,
ketones, and aldehydes. Key markers of biogenic emissions
(e.g., isoprene, monoterpenes), atmospheric oxidation (e.g.,
methacrolein, methyl vinyl ketone, formic acid), and anthro-
pogenic emissions (e.g., methyl ethyl ketone, BTEX (ben-
zene, toluene, ethylbenzene, xylene), naphthalene) are de-
tected.

The compact footprint of the MOIRA system, which fits
in a hybrid vehicle, is enabled by the miniature GC heaters,
which each accommodate a standard 30 m column, and the
compact RGA detectors. Selecting RGAs as detectors strikes
a balance between capability, cost, and footprint. The cost
of two RGAs is an order of magnitude less than that of a
high-resolution time-of-flight MS detector typical of PTR-
MS and other chemical ionization MS systems. In this work,
we demonstrate that this sensitivity is sufficient to detect
markers in ambient outdoor air as well as those for indoor ac-
tivities such as cooking, cleaning, air freshener use, and ven-
tilation changes. In contrast to soft ionization MS methods
or the less expensive FID detector, the selectivity of EI MS
enables non-target identification as well as differentiation of
co-eluting compounds (e.g., toluene and octane), which is es-
pecially important with the shorter 20 min GC program. In
addition, the physical footprint of two RGAs and their shared
vacuum system is close to that of a single typical bench-
top quadrupole MS detector, enabling deployment in a wider
range of vehicles.

The multichannel design of the MOIRA system is well
suited for combined studies of indoor and outdoor air, as it
is capable of simultaneous sampling from multiple inlets.
Additionally, different collectors and GC column materials
could be simultaneously deployed in different channels to ex-
tend the range of target analytes. Using multiple instances of
the same collector and GC analysis components, as demon-
strated in this work, provides opportunities to evaluate the
consistency and performance of these components, many of
which are custom.

4.1 Considerations for volatility range and time
resolution

The measurement method described in this paper has a time
resolution of 10 min and was intended to collect the widest
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Figure 11. Map of normalized relative abundances of toluene and methyl ethyl ketone measured during pilot mobile measurements in
St. Louis, Missouri (20-21 July 2022). Gasoline and diesel fueling stations within 50 m of sampling locations are indicated. Stationary
collections are represented by the open circles, while samples collected while the vehicle is moving are represented as lines. As an example,
the total distance of one of the mobile samples (2.2 km) is indicated in (a). These samples represent less than 4 h of sampling time, but data
recovery during this first deployment was limited by issues with the sample pump and ethernet switch, which have since been resolved.

volatility range (pentane to pentadecane) of analytes while
still maintaining high precision in GC temperature control for
consistent retention times. This section considers potential
challenges and compromises of modifying volatility range or
increasing time resolution.

The smaller peak widths at higher retention times could
accommodate a faster GC ramp at higher temperatures. How-
ever, faster ramp rates at temperatures above 170 °C resulted
in less precise, less accurate temperature control. If the max-
imum GC temperature was further increased (from 230 up
to 280 °C maximum for the column phase) to expand the
volatility range, either the minimum temperature would need
to be increased, compromising the resolution of the most
volatile analytes, or more interchannel variance in retention
time would need to be tolerated. Alternatively, the time be-
tween measurements could be increased to accommodate a
longer GC program. In either case, the transfer lines would
not limit the volatility range, as their individually controlled
set points could be increased, though power requirements
would also increase.

Increasing the analyte range to include more volatile com-
pounds would require better focusing at the head of the GC
column and possibly at the sorbent trap. However, decreasing
the initial GC temperature below 35 °C and the trap collec-
tion temperature below 30 °C would require increasing in-
strument complexity with either cryogenic or thermoelectric
cooling as well as a more complicated approach for address-
ing sample humidity. In the current design, a higher trap tem-
perature during collection (30 °C), use of hydrophobic sor-
bents, and a helium purge between collection and thermal
desorption have been sufficient to prevent large amounts of
water from entering the GCs or vacuum chamber.
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Faster time resolution could be achieved if a smaller range
of analytes was targeted with a narrower GC temperature
range. Since sampling volume is proportional to sampling
time, the limit of detection (expressed as a mixing ratio)
would increase with a shorter sample collection. This loss of
sensitivity could be mitigated by increasing the mass spec-
trometer dwell time with selected ion monitoring or by over-
lapping sample collections. In the method described here,
each sample collection is followed by a 5 min helium purge
to remove water from the sorbent collector, but tests indi-
cate that purging time could be decreased to as low as 3 min
at 28 kPa to extend and overlap sample collection by 2 min.
However, during this 2 min of overlap, the total flow rate at
the instrument inlet would be doubled, potentially compli-
cating experimental design. In addition, the longer sampling
time and volume might increase artifacts from breakthrough
and ozone interferences (Sect. 3.3, 3.4).

4.2 Limitations

Species detected by the more sensitive Al and A2 channels
may be below detection for the B1 and B2 channels when
using a full-scan MS method (e.g., indoor measurements of
hexyl acetate prior to turning on air freshener in Fig. 10). For-
tunately, sufficient multichannel sensitivity for ambient mea-
surements can be achieved by using SIM methods for RGA B
measurements and full-scan methods for RGA A, though this
reduces the full-scan data available for non-target identifica-
tion.

In addition, the sensitivity difference between the RGAs
necessitates a correction to merge data from the four chan-
nels into a single dataset. The calibration curve data in this
work show that there is some loss of precision in merging
the four-channel data into a single dataset, whether a cal-
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ibration curve, channel sensitivity factor, or RGA sensitiv-
ity factor is used. In the indoor and mobile measurements,
the correction for RGA sensitivity was achieved with two
alternate approaches that use the measurements themselves
to identify appropriate correction factors. While the indoor
dataset demonstrates the benefits of calculating correction
factors by compound, the success of the RGA and channel
sensitivity factors in the calibration curve experiment sug-
gests that simpler approaches, such as the regression of re-
sponses of two similar samples in the mobile measurements,
can also be valid. The most appropriate approach will vary by
dataset, dependent on the calibration data available as well as
the similarity of the measured compounds to those in the cal-
ibration standard.

Using a limited set of internal standards would aid in better
characterizing the RGA sensitivity difference and drift in de-
tector response over time. In particular, a system for gas cal-
ibration standards could improve quantification of the most
volatile compounds, since analytes such as isoprene, pentane,
MTBE, and hexane were found to evaporate over time from
liquid standards during storage in both this work and that
of others (Wernis et al., 2021). The constant delivery con-
centration would also enable more accurate measurement of
breakthrough than with liquid standards, whose entire vol-
ume is delivered into the injection port at the beginning of a
sampling period. Gas calibration standards would also enable
better characterization of ozone interferences than the cur-
rent setup, which does not permit the introduction of a scrub-
ber downstream of the liquid standard injection port. Alter-
natively, a liquid calibration system would likely be more
compact and would allow for more flexible and economi-
cal introduction of different calibration mixes while provid-
ing improvement in quantification over the manual injection
method used here (Wernis et al., 2021).

While easily identified, shadow peaks, or interferences
between the two RGAs, could be mitigated by decreasing
the size of the gaps between the vacuum chamber wall and
the partition which separates the RGAs. An ozone scrubber
(such as a glass fiber filter impregnated by sodium thiosul-
fate) should be used in future measurements with elevated
ozone. In addition, a heated sample line was used for only
part of the mobile measurements and was not used in the in-
door measurements, potentially compromising sample trans-
fer of less volatile analytes. Finally, the long-term stabil-
ity and performance of the sorbent collection should be ad-
dressed in future work.

5 Conclusion

MOIRA integrates multiple miniaturized GCs and compact
residual gas analyzers in a single instrument, occupying a
physical footprint and requiring power suitable for deploy-
ment in a hybrid hatchback wagon vehicle. Inherent in this
multichannel approach is the necessity of characterizing the
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differences between channels. Nevertheless, the accompany-
ing increase in time resolution enables efficient application
of in situ GC-MS in mobile deployments. MOIRA’s 10 min
time resolution is also sufficient to measure dynamic changes
in indoor VOC concentrations due to many household ac-
tivities with a lower cost than that of other in situ VOC in-
struments such as the PTR-MS. In addition, the combination
of GC separation and electron ionization provides selectiv-
ity for both target and non-target compounds. In future work,
the MOIRA system could be flexibly adapted for other multi-
channel approaches by substituting alternate thermal desorp-
tion collectors, sorbents, or column phases in one or more
channels.
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