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Abstract. Environmental concentrations of volatile and semivolatile organic com-
pounds (VOC/SVOCs) can vary dramatically in time and space under the influence of
environmental conditions. In an industrial setting, multiple point and diffuse sources
can contribute to fugitive emissions. Assessments and monitoring programs using
periodic grab sampling provide limited information, often with delay times of days or
weeks. We report the development and use of a novel, portable membrane introduc-
tion mass spectrometry (MIMS) system capable of resolving and quantifying VOC
and SVOCs with high spatial and temporal resolution, in the field, in real-time. An
electron impact ionization cylindrical ion trap mass spectrometer modified with a
capillary hollow fiber polydimethylsiloxane membrane interface was used for contin-

uous air and water sampling. Tandemmass spectrometry and selected ion monitoring scans performed in series
allowed for the quantitation of target analytes, and full scan mode was used to survey for unexpected analytes.
Predeployment and in-field external calibrations were combined with a continuously infused internal standard to
enable real-time quantitation andmonitor instrument performance. The systemwas operated in amoving vehicle
with internet-linked data processing and storage. Software development to integrate MIMS and relevant meta-
data for visualization and geospatial presentation in Google Earth is presented. Continuous quantitation enables
the capture of transient events that may be missed or under-represented by traditional grab sampling strategies.
Real-time geospatial maps of chemical concentration enable adaptive sampling and in-field decision support.
Sample datasets presented in this work were collected in Northern Alberta in 2010–2012.

Key words: VOC/SVOC, Membrane introduction mass spectrometry (MIMS), Emissions, Alberta oil sands,
Mobile mass spectrometry, Real time quantitative mapping

Received: 15 August 2014/Revised: 9 October 2014/Accepted: 11 October 2014/Published Online: 5 December 2014

Introduction

Many processes, both natural and anthropogenic, are as-
sociated with the release of volatile and semivolatile

organic compounds (VOC/SVOCs) to the environment [1].
When considering hydrocarbon extraction and processing, the-
se emissions may be atmospheric [2] or aqueous [3], can be
from point or diffuse sources [4], and are potentially harmful to

nearby residents, biota, and workers [5]. Additionally, contam-
inant concentrations in the environment can be very dynamic as
plumes migrate, especially under the influence of mixing
events driven by meteorological and hydrological processes
[6, 7]. Grab sample collection (e.g., bottles, canisters, and
sorbent traps) are often the primary sampling method used for
current environmental monitoring programs and, although
quantitative in nature, measured concentrations reflect a single
point in space and time (or integrated over a specific time
window), predominantly in an ‘off-line’ manner. The time
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and expense required by these strategies often results in monitor-
ing programs with relatively low data density that are limited in
scope, and that can fail to provide information for making timely
corrective decisions. Furthermore, improper documentation of
baseline concentrations to compare industrially affected areas
can lead to controversial situations that are difficult to assess [8,
9]. As a result, grab sample collection programs are often very
limited and frequently serve only to meet current regulatory
compliance requirements.

The advent of portable chemical sensing technology has
enabled a new framework for environmental monitoring,
where it is possible to take high precision, high accuracy
chemical measurements to the field [10–18]. Many of these
analytical techniques, such as membrane introduction mass
spectrometry (MIMS), can provide continuousmonitoring time
series data that resolve multiple analyte concentrations simul-
taneously [16, 17, 19–24]. When operated on a mobile plat-
form, these instruments can track transient concentration ex-
cursions in both spatial and temporal domains that may be
missed by grab sampling strategies [24]. Continuous datasets
allow the analyst to better understand the spatial boundaries of
contaminant plumes as well as temporal changes due to dilu-
tion, mixing, and/or processing. For example, directly compar-
ing plume intensities and background intensities in a single
dataset can reduce the possibility of obtaining both false neg-
ative and/or positive measurements made in dynamic environ-
ments. Furthermore, with this information collected in real-
time, sampling decisions and corrective actions can be made
in a timely manner, helping to mitigate liability for both re-
source management and environmental stakeholders.

Our research has involved the development of a portable
MIMS system for the continuous analysis of VOCs and
SVOCs in both atmospheric and aqueous samples that greatly
improves upon our early work in this area [16, 17, 20]. In general,
MIMS systems allow continuous sampling of VOC/SVOC
analytes as they diffuse through a semiselective membrane,
whereupon simultaneous quantification of multiple co-
permeating molecules occurs by mass spectrometry [20, 25,
26]. The use of hydrophobic membranes, such as polydimethyl-
siloxane (PDMS), impedes the diffusion of ionic and hydrophilic
compounds, while pre-concentrating hydrophobic compounds,
enhancing their permeation. Thus, MIMS systems employing
PDMS membranes yield sensitive and selective determinations
of VOC/SVOCs in both aqueous and gaseous samples. Because
the membrane allows analytes to pass simultaneously as a mix-
ture, it is important for quantitative analyses that the mass spec-
trometer can resolve each analyte without interference. Analyte
interferences can be reduced through the use of tandem mass
spectrometric (MS/MS) techniques. In addition, corrections for
known interferences can be applied by using simultaneous mea-
surements for these interfering compounds and through inspec-
tion of analyte response times [27].

The collection of continuous real-time datasets affords ad-
ditional challenges and opportunities for data storage, presen-
tation, and interpretation. In-field data collection is eased
through the use of cellular networks and cloud-based storage.
These systems allow any user with an internet connection to

inspect the data at any time, while simultaneously creating an
integrated data backup system. Data presentation and interpre-
tation is eased through the use of free Geographic Information
System (GIS) applications, such as Google Earth. Using mass
spectrometric data that is both time- and location-stamped, we
are able to provide real-time chemical concentrations that are
geospatially mapped. In addition to providing environmental
protection through rapid screening and continuous monitoring
applications, this approach can be used to inform intelligent
adaptive sampling strategies, delineate plumes or contaminated
sites, identify point sources, quantify fugitive emissions, mon-
itor process efficiencies, and provide discrete molecular infor-
mation about complex mixtures (e.g., chemical fingerprinting).

In summary, we present the development and application of
a field portable, battery operated MIMS system based upon a
quadrupole ion trap that utilizesMS/MS for direct, on-line, low
level (e.g., ppbv/ppb) analyte measurements in air and water
samples. This flexible measurement system is compact and can
be operated in an automobile for mobile measurements. Since
volatile and semivolatile analytes pervaporate through the
membrane interface from a sample as a mixture, the full reso-
lution of isobaric isomers may not be possible, and other
techniques involving chromatographic separations may be
more appropriate. Additionally, higher sensitivity for analytes
in gaseous samples can be achieved via methods such as proton
transfer reaction mass spectrometry (PRTMS) [18, 28] and
selected ion flow tube mass spectrometry (SIFT-MS) [29,
30]. Despite these potential drawbacks, we have successfully
employed mobile MIMS to provide continuous geospatially
resolved quantitative information for target analytes in both air
and water, using in-house developed data management soft-
ware to process and visualize the data in real-time using cellular
network communications.

Methods and Materials
Overview

A commercially available, portable cylindrical ion trap mass
spectrometer system (Model Griffin 400; FLIR, West
Lafayette, IN, USA), was modified in-house for in-field mea-
surements by the addition of a MIMS sampling interface and
internal standard (IS) infusion system, similar to that described
previously [16]. In addition to the MIMS sampling system
(which is described in detail below), the system also included
several peripheral monitoring devices. A global positioning
system (GPS, QStarz, Model BT-Q1000XT; Taipei, Taiwan)
was used for geo-location and accurate time-stamping of all
collected data. A cellular network card installed in the data
system computer (Model M6600; Dell, Round Rock, TX,
USA) was used to provide cloud data storage (Dropbox, San
Francisco, CA, USA) and continuous data backup in the field.
A portable weather meter (Kestrel, Model 4500; Birmingham,
MI, USA) was used periodically to determine meteorological
data, including wind speed, wind direction, humidity, temper-
ature, and barometric pressure. Although not utilized for the
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presented study, a video camera (Model HERO2; GoPro Inc.,
San Mateo, CA, USA) was incorporated to allow the potential
creation of a video log of the surrounding environment during
data collection events, to allow retrospective assessment of the
data collection environment.

Membrane Introduction Mass Spectrometer

The cylindrical ion trap utilizing electron impact ionization (EI)
was selected for use as the mass analyzer because of its com-
pact, ruggedized, and field-portable design, and its ability to
perform MS/MS for increased selectivity. Furthermore, the
system is capable of multiple types of mass scan techniques
in an interlaced series, allowing cycled quantitative analyte
scans to be performed in sequence with general survey (full)
scans. The entire mass spectrometer was encased in approxi-
mately 1.6 m2 of 0.1 mm thick nickel alloy foil, or mu-metal (μ
≈ 50,000) (product number 8912 K32; McMaster Carr,
Elmherst, IL, USA) to reduce the effects of the earth’s magnetic
field upon instrumental sensitivity. For additional information
regarding the influence of magnetic fields upon portable EI
mass spectrometers, the reader is directed to an article specif-
ically addressing the topic, also in this issue of JASMS. The
instrument was equipped with a temperature-controlled MIMS
interface that replaced the supplied gas chromatograph system.
For this work, the MIMS interface was constructed using a
PDMS hollow fiber membrane (0.94 mm o.d., 0.51 mm i.d.,
10 cm length, Silastic brand; Dow Corning, Midland, MI,
USA) and a flow-over sample cell design. A similar experi-
mental arrangement has been described previously [16],
though a major difference in design is the use of an in-house
constructed aluminum block heater to maintain a constant
membrane temperature. The lumen (permeate side) of the
membrane was swept with a helium carrier gas (~1 mL/min),
provided by a miniature 16 L helium cylinder (Model
49617HE; Leland Ltd., South Plainfield, NJ, USA). In addition
to acting as the membrane acceptor phase for analyte transport
to the mass spectrometer, helium was also used as a buffer gas
by the mass spectrometer. A schematic of the entire apparatus
is given in Figure 1. For choosing desired sample flows, two
three-way valves (Figure 1, valves A1, A2) were located on
either side of the membrane inlet to facilitate convenient
switching between aqueous or atmospheric samples (vide
infra).

Gaseous Sampling

Sample was drawn into the MIMS system via two solvent-
cleaned microporous stainless steel inlet filters in series (15 and
5 μm) (Model SS-6 F; Swagelok, Solon, OH, USA), and ¼in.
o.d. Teflon transfer lines (Cole Parmer). The air-sampling inlet
was mounted on the roof rack of a sport utility vehicle, approx-
imately 30 cm above the roofline. Upstream from the MIMS
inlet system, gaseous samples flowed through a temperature-
regulated chamber housing a toluene-d8 permeation tube to
allow the continuous on-line infusion of IS (Figure 1). Since
the permeation of analytes through the membrane is

temperature-dependent, for the experiments described below
the MIMS interface, permeation chamber, transfer lines, and
inlet filters were independently temperature-regulated to 50°C.
To utilize the system for SVOC analyses (data not shown), the
inlet filter and transfer lines could be maintained at tempera-
tures up to 200°C. The sample flow rate was set to the desired
value using a rotameter equipped with a precision, 10-turn
needle valve (Model FM4312(4); Advanced Specialty Gas
Equipment, Middlesex, NJ, USA) and maintained by a me-
chanical diaphragm pump (Model B-Series Dia-Vac; Air
Dimensions, Deerfield Beach, FL, USA) located after the
membrane. A pressure gauge (Model PX209-30V15G5V;
Omega, Laval, Canada) located on the sample flow line imme-
diately following the membrane interface was used to monitor
pressure changes (e.g., resulting from a clogged inlet filter). A
second pressure gauge (Model PX209-030G5V; Omega), lo-
cated between the diaphragm pump and rotameter, was used to
monitor possible changes in sample flow rate. A pressure
decrease here would suggest a leak in the sampling system,
most notably a failure in the sampling pump diaphragm. Pumps
and pressure transducers were controlled andmonitored using a
custom microcontroller (Arduino UNO, Torino, Italy) and in-
house developed software (Labview 2011; National
Instruments, Austin, TX, USA). While underway, the system
was powered by a bank of four 6 V lead acid batteries (2011)
(Model T-145 Plus; Trojan Battery Company, Santa Fe
Springs, CA, USA) or smaller footprint Li-polymer batteries
(2012) (Model 4784 AA; Portable Power Corp, Richmond,
CA, USA), using the mass spectrometer’s on-board 24 V volt-
age regulator to ensure a steady voltage supply to critical
components.

Prior to field deployment, the system was calibrated for a
variety of target analytes (Table 1). Tandem mass spectrometry
scans (MS/MS) were optimized for suitable target analytes, and
selected ion monitoring (SIM) scans where used in cases where
analytes did not fragment well in the cylindrical ion trap (e.g.,
reduced sulfur compounds), or for those that were highly
fragmented under EI conditions (e.g., pinene). A full scan
was also performed to survey for any unexpected analytes
(see Table 1). Performing each measurement in an interlaced
series resulted in a total scan cycle time of 13.5 s (averaging 10
replicate scans per measurement). Continuous flow gas stan-
dards were produced using certified permeation tubes (Kin-
Tek, La Marque, TX, USA) housed in a Dynacalibrator gas
dilution apparatus (Model 340; VICI Metronics Inc., Poulsbo,
WA, USA), with hydrocarbon scrubbed air used for the dilu-
tion gas. At an air sampling flow rate of 1850 mL/min, the in-
line toluene-d8 permeation tube produced a constant IS con-
centration of 75 ppbv throughout calibration. Response factors
for each analyte (relative to the IS) were obtained by flowing
individual gas standards prepared using the Dynacalibrator
through the in-line permeation chamber (Table 1). Detection
limits reported for each analyte were based upon three times
signal to noise ratio.

The satisfactory performance of the in-line permeation tube
chamber and sample heat exchanger was confirmed by
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comparing calibration standards made using the in-line perme-
ation chamber to those made externally using the
Dynacalibrator. Figure 2 illustrates the results for gas phase
ethylbenzene. Each point on the calibration curve was mea-
sured as the mean of 90 scans and fit with a weighted least-
squares solution, using the inverse of the variance as the
weighting factor. Importantly, the slopes of each calibration
curve are in excellent agreement (within 0.4%). This indicates
that the in-line permeation chamber and sample heat exchanger
perform as anticipated, and field calibrations utilizing the in-
line chamber for on-line IS addition can be trusted and directly
compared with laboratory-based calibrations performed using
the Dynacalibrator. A small offset (~380 counts) was observed
(Figure 2) as a result of minor instrumental background shifts
occurring overnight between the calibration runs, suggesting
the necessity of daily background signal checks.

Interference correction factors were also calculated and
employed for selected, known isobaric interferents. For exam-
ple, ethylbenzene EI fragment ions trapped by the MS/MS scan
for toluene result in isobaric interference. The fragmentation of
ethylbenzene (M.+, m/z 106) under EI conditions yields the
stable aromatic tropylium ion (C7H7

+, m/z 91), which is also
used for toluene quantitation via MS/MS (m/z 91 → 65). This
positive isobaric interference of ethylbenzene upon toluene was
numerically corrected by using the ratio of isobaric interference
between the ethylbenzene (m/z 106→ 91) and the toluene MS/
MS scans (m/z 91 → 65) obtained during the analysis of a

gaseous ethylbenzene standard. In this manner, signal contri-
butions from the EI fragment ions of known interferents were
numerically corrected. Although a similar, unaccounted for
interference from xylene may result in a positive bias for
toluene, the low xylene concentrations typically observed (data
not shown) will lead to small biases. Future work will focus on
resolving additional interference factors using more advanced
spectral analysis or soft ionization techniques (e.g., CI) [31].

Experimentally, we have observed that with this system,
reproducible measurements are possible for air sampling flow
rates of 91000 mL/min (data not shown). In the field, the air
sampling flow rate was maintained at 1850 mL/min (well
above this threshold), yielding a constant 75 ppbv toluene-d8
IS concentration in the sample flow. This resulted in a suffi-
cient IS signal from which analyte concentrations could be
calculated using the experimentally determined response fac-
tors (Table 1). A sensitivity coefficient was also calculated,
giving the user an indication of the overall instrument perfor-
mance level. For example, if the IS response during an analysis
is observed to be 80% of its response measured during
predeployment calibration, a correction factor of 0.8 could be
applied to the external calibration coefficients. Drift in the
instrumental sensitivity was monitored continuously, allowing
for corrective actions (e.g., replace the EI filament, optimize the
detector voltage, etc.) when necessary. Thus, continuously
infused IS allowed for both real-time calibration and instrument
performance monitoring. Variations in operational parameters
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Figure 1. Schematic of the field portable MIMS system. Two flow selection valves (A1 and A2) are used to quickly switch between
either the air or aqueous sample introduction manifolds
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are also detected by observation of the correction coefficient. For
example, if the sample temperature, pressure, or flow rate chang-
es, the concentration of the IS will also change, signaling poten-
tial problems to the operator during in-field measurements. For
this study, we limited our measurements to relatively flat terrain,
minimizing pressure variations arising from altitude changes.
Sampling parameters were closely monitored and stored as inter-
laced meta-data to enable post-deployment data interrogation.

Prior to daily deployments during field monitoring cam-
paigns, instrumental background values were reestablished
after a 1 h warm up, using a small cylinder of zero air (Model
AI 0.0UM; Praxair, Mississauga, ON, Canada). Periodic cali-
bration checks were performed using toluene and benzene
permeation tubes added to the in-line permeation chamber
and varying sample gas flow rate from the zero air cylinder.

Aqueous Sampling

MIMS analysis of aqueous samples was carried out with the
same instrumentation by changing the position of valves A1
and A2 (Figure 1). Aqueous sampling was performed at a
sample flow rate of 150 mL/min using a battery-operated
peristaltic pump (Model Masterflex E/S; Cole Parmer,
Montreal, Canada) and monitored with a flow meter (Model
FLR1000-8; Omega, Laval, Canada). Experimentally, we have
observed with this system that reproducible measurements are
possible for aqueous sample flow rates of 9100 mL/min (data
not shown). Incoming aqueous samples were maintained at
35°C using a flexible heating tape (thermocouple regulated)
wrapped around the sample inlet tubing upstream of the MIMS
interface. To reduce the power consumption required for sam-
ple heating before measurement, an in-house constructedT
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coaxial tubing heat exchanger (~70% efficient) was used to
recycle thermal energy from the exiting sample flow (Figure 1).
Continuously infused IS was added to the aqueous sample
stream, (e.g., toluene-d8) using a software-controlled syringe
pump (Model C24000; Tricontinent, Grass Valley, CA, USA).
Additionally, a second syringe pumpwas incorporated to allow
on-line analyte infusions for lab experiments, in-field calibra-
tion checks, and standard addition calibrations. The exiting
sample flow was passed through an in-house constructed acti-
vated carbon filter trap (1000 g of activated carbon suspended
between glass wool plugs in a 3-in. diameter plastic casing)
before discharge from the system.

Prior to field deployments, theMIMS systemwas calibrated
for a variety of aqueous analytes using closed 1-L glass recir-
culation flasks equipped with a Teflon lined septa in a manner
similar to that described previously [32, 33]. Deionized water
(maintained at 35°C by a constant temperature water bath) was
recirculated through the MIMS interface at 150 mL/min, and
stepwise injections of combined analyte stock solutions in
methanol were used to generate low ppb (μg/L) aqueous con-
centrations (e.g., 3 to 30 ppb) for calibration. To avoid isobaric
interferences during aqueous calibrations, two analyte suites
were employed: Suite 1: benzene, toluene, chloroform, methyl
iodide, dimethyl sulfide; Suite 2: ethylbenzene, chlorobenzene,
naphthalene, guaiacol, iso-octane, 1-chloronaphthalene.
Toluene-d8 was included in both suites and used as an IS for
the determination of response factors. Using these data, instru-
mental background, analyte sensitivity, detection limits, and
response factors were determined for each target analyte
(Table 1).

For in-field quantitation, incoming aqueous samples were
continuously infused with toluene-d8 at low ppb levels via a
syringe pump, allowing on-line analyte quantitation by re-
sponse factors as well as affording the continuous monitoring
of overall instrument performance. For example, an infusion
flow rate of 0.20 mL/min of 14 ppm toluene-d8 (in methanol)
into 150 mL/min on-line sample flow rate produced an on-line
toluene-d8 concentration of 19 ppb. The second syringe pump
injection port was used to infuse analyte standards in the field
for periodic target analyte calibration checks. Some of the
aqueous samples were also calibrated by using standard addi-
tions methodology, whereupon a calibration solution contain-
ing toluene-d8 and the desired target analytes was infused into
the sample stream immediately following a sample measure-
ment. Field samples included 4-L grab samples collected in
amber glass bottles (Scientific Specialties Inc., Hanover,
MD, USA) and also the continuous sampling of water
directly drawn from rivers and streams over multi-hour
sampling periods with the peristaltic pump. Extended
periods of stationary aqueous monitoring in the field
(912 h) were enabled by switching to supplementary
power, provided by a small gasoline-powered generator
(EU2000i; Honda, Tokyo, Japan) located at least 100 m
downwind from the sampling location. This prevented
the complete depletion of the battery systems, and en-
sured uninterrupted data collection.

Software Development

Mass spectrometric scan methods were developed and executed
using the mass spectrometer’s operating software (Griffin
System Software, GSS, v3.9; FLIR Systems, West Lafayette,
IN, USA). Calibration software to quantitate the raw data and
automate the handling of the associated meta-data was written
in-house using Labview. Calibration results were stored in a
custom file format that was subsequently employed by addition-
al Labview-based software designed for real-time data collection
and analysis. Briefly, the real-time software extracted quantita-
tive ion signals from the raw GSS data files and applied the
calibration data file, producing real-time quantitative results.
These results were then plotted as multiple time series and as
color proportional tracks on a map. Maps were downloaded as
needed using Google Maps API. All data were automatically
stored on Dropbox servers via the cellular data connection. After
all mobile data were collected, data workup and re-analysis were
performed using in-house developed MATLAB code
(Mathworks, Natick, MA, USA). Meta-data and final result files
were stored as time series for inspection and quality control.
Final results were saved as .kmz files for presentation in Google
Earth. These self-contained data files enable inspection of data
both geospatially and temporally, are easily networked, and
contain hierarchal data structures to enable the presentation and
sharing of the large complex datasets in a clear and concise way.

Field Work Methods

The field monitoring examples presented were obtained in
Northern Alberta in early July, 2012. Air sampling data sets
were obtained in and around a Steam Assisted Gravity
Drainage (SAGD) pilot facility (Statoil Canada Ltd.) located
roughly 200 km south of Fort McMurray, and on public roads
north of Fort McMurray along Highway 63. TheMIMS system
was operated in a sport utility vehicle (GMC Yukon).
Stationary air sampling data sets were collected with the vehi-
cle engine off and correlated with meteorological data deter-
mined at the sampling site. Aqueous sampling included the
analysis of grab samples of on-site processed and ground water
as well as measurements made by continuously sampling from
nearby natural surface waters.

An example air monitoring dataset, presented here (vide
infra), was generated during travel north of Fort McMurray
on Highway 63 through areas adjacent to active oil sand
recovery operations. Frequent stops (with the vehicle engine
off) were performed to allow the collection of meteorological
data and to obtain periods of stationary MIMS data. The
example dataset was collected on July 7, 2012. The day was
warm (27°C) and dry (30% relative humidity), with gentle
wind speeds ranging between 4 and 7 m/s.

Aqueous samples of both on-site process water and off-site
natural (stream, river, and ground) water were also collected
during this field trip. An example dataset shown here was
collected July 3, 2012 from an active steam generation system
used by a Statoil Canada Ltd. oil recovery operation (vide
infra). The SAGD site has been operational since 2010, and
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the small settling pond is used for holding recovery water prior
to reuse in the steam injection process.

Results and Discussion
Field Work – Air Monitoring

Data collectedwith themass spectrometer operating continuously
in a moving vehicle is presented as a time series in Figure 3, and
the progression of dataworkup is presented in each subpanel. The
raw data for toluene measurement is shown in Subpanel a and
indicates several toluene detections throughout the day.
Generally, the data consists of long periods where toluene was
not detected, punctuated periodically by transient excursions to
higher signal levels. For example, at 16:02, a very strong signal
was observed (14,240 counts) when the vehicle passed over a
stretch of road that had been very recently paved with fresh
asphalt. At 16:24, a sustained signal was detected while the
vehicle was stationed downwind of a tailings settling pond used
by an active heavy oil extraction operation. Several other minor

concentration excursions above detection limit levels may have
been the result of passing vehicle exhaust emissions or air masses
influenced by other settling ponds. Detections of vehicle exhaust
were rather infrequent because of the elevated sampling intake,
the very large dilution that rapidly occurs in the turbulence behind
a moving vehicle (roughly estimated to be 25,000:1 at highway
velocity), and the effective catalytic conversion of hydrocarbon
emissions that occurs for hot, underway vehicles [34].

As noted above, ethylbenzene readily fragments under EI to
yield m/z 91, and this can lead to a positive bias in the toluene
concentration as determined bym/z 91→ 65. To compensate for
this, we independently measure ethylbenzene by measuring m/z
106 → 91 and applying an interference factor calculated during
predeployment calibration. The interference contribution data
were smoothed (five-point boxcar) prior to being subtracted from
to the analyte signal. Smoothing prevents the inclusion of addi-
tional instrumental noise into the signal data and allows signal
corrections to be made on a time scale comparable with the
MIMS response time for ethylbenzene (Table 1). The contribu-
tion of ethylbenzene to the m/z 91→ 65 signal is typically small
(e.g., during the detection of emissions from fresh asphalt, 1.2%,
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Figure 3. Time series representation of the instrumental data used for real-time toluene quantitation collected north of Fort
McMurray, Alberta, Canada. The x-axis represents the time of day when the data was collected. Subpanels show data progression
through the data workup process and the final data time series result is given in subpanel e
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16:02), but can in some instances be significant (e.g., during
detection of settling pond off gassing, 40%, 16:24). The variabil-
ity, of course, is strongly dependent on the particular sample
composition. We cannot rule out positive interference in the
toluene quantitation arising from other alkylbenzenes and hydro-
carbons likely present near fresh asphalt paving [35]. Therefore,
we caution the reader not to over-interpret the displayed toluene
concentrations, even after correction for specific interferences
such as those arising from ethylbenzene. Although EI is relatively
simple to implement, it is a ‘hard’ ionization strategy, resulting in
the extensive fragmentation of many analytes, especially alkyl
hydrocarbons. Further improvements in the use of interference
factors as well as on-line standard addition strategies and softer
ionization sources are currently being investigated to address the
challenges of resolving isobaric interferents.

The ethylbenzene corrected toluene signal is converted to
concentration in Subpanel c (Figure 3) using direct calibration
factors from gaseous calibration standards prepared
predeployment. Displaying this data along with the calculated
detection limits is an additional quality control check and
allows the user to quickly assess any signal deviations in the
final data time series (Subpanel e).

Subpanel d (Figure 3) shows the instrumental signal for the
continuously infused IS, toluene-d8 (m/z 98 → 70), and is com-
pared with the expected response to the IS given the sample flow
rate and laboratory predeployment calibration (predicted toluene-
d8 signal). The IS concentration was calculated from the analyte
constant, K0 (cc/mg), derived from molecular weight and the
ideal gas constant, permeation tube emission rate, (E , ng/min),
and sampling gas flow rate (F, mL/min at STP) (Eq. 1). Expected
IS response is calculated as the product of IS concentration IS½ �
and instrumental sensitivity to the IS (mIS ). The ratio of actual
response to expected response provides a sensitivity coefficient
that is a real-time measure of the instrument performance (Eq. 2).
For example, rapid changes in the sensitivity coefficient may be
indicative of transient events that can impact instrument sensitiv-
ity (e.g., due to a matrix interference or space-charge effects
resulting from a highly contaminated sample or from membrane
rupture/fouling). Long-term changes are useful in reporting drift
in the instrumental state (e.g., filament or electron multiplier
wear). As can be seen in Subpanel d (Figure 3), the instrument
was slightly more sensitive to toluene-d8 on this deployment than
during predeployment lab-based calibrations. The IS data was
also boxcar smoothedwith a moving average (n =5) to reduce the
addition of unnecessary electrical noise to the analyte signals,
while allowing sensitivity corrections to be made on a time scale
that is comparable to the MIMS signal response times (Table 1).

IS½ � ¼ K0*E

F
ð1Þ

Sens Coeff ¼ CountsIS
mIS * IS½ � ð2Þ

Subpanel e (Figure 3) shows the toluene concentration time
series calibrated from an instrumental response factor (e.g.,

toluene/toluene-d8) determined during lab calibration, the raw
analyte counts and the smoothed IS counts along with the
sensitivity adjusted detection limit (DLAdj, Eq. 3). As the
instrumental sensitivity declines during multi-day deploy-
ments, the adjusted detection limit will increase. This can
happen, for example, when the EI filament is nearing failure.
When the detection limit crosses a predetermined threshold, the
user can be warned by the software interface and corrective
actions (e.g., replace the filament) can be taken. It is important
for the instrument field operator to have real-time knowledge of
the detection limit for immediate assessment of anomalous
signals and to ensure the detection limits are adequate for the
collection of meaningful data.

DLAd j ¼ DL*Sens Coeff ð3Þ

As a final data assessment, Subpanel a (Figure 3) indicates
two distinct detections. These detections are marked with ver-
tical dashed bars (16:02 and 16:24) and for these intervals, the
30 s of full scan data following the vertical bar were averaged
and presented as insets in Figure 4. The spectra were normal-
ized using the IS signal (measured atm/z 98), then corrected by
subtracting the spectrum for the IS. The IS spectrum was
determined immediately prior to collection of this time series,
and this time stamp is also marked with a vertical bar in
Subpanel a (Figure 3, 15:54 h). The spectra indicate a complex
suite of analytes permeating the membrane. The spectra insets
in Figure 4 are distinctly different and suggest that MIMS full
scanm/z data can be used in multivariate statistical approaches,
such as Principal Component Analysis (PCA) for source ap-
portionment and tracking. They also emphasize the importance
of employing selective techniques such as MS/MS for
quantitation.

The response factor calibrated toluene mass spectrometric
data (m/z 91→ 65) collected north of Fort McMurray, Canada
(Figure 3, Panel e) was time-matched to GPS data and meteo-
rological data, and is presented in Figure 4. White dots repre-
sent data collected that were below the detection limit. Wind
vectors are represented by the red arrows and can be queried
(with a computer mouse click) in Google Earth to inspect the
data file source, wind direction, wind speed, temperature, hu-
midity, barometric pressure, time, latitude, and longitude. The
16:02 detection discussed above is noticeable as a large dot just
north of Fort McMurray, and the 16:24 detection is labeled at
“Settling pond 16:24.” The data track presented in Figure 4 is a
small subset of a much larger dataset navigable by Google
Earth.

Multiple analyte concentrations are embedded in the Google
Earth *.kml data file(s) and can be depicted as individual tracks
for inspection in real-time or post-deployment. Figure 5 shows
a 5 h continuous time series collected while driving and parked
in a discrete pattern (termed a ‘Rosette’) at strategic locations in
and around a SAGD demonstration facility, similar to the
methodology employed in other work by our group [17].
Subpanel a illustrates the data obtained for benzene, toluene,
and ethylbenzene (+xylene). The shaded regions represent data
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collected while the vehicle was stationary (with the vehicle
engine off), whereas the unshaded data was collected while
moving. Most of the time VOC concentrations are well below
our observed detection limits (dashed horizontal line). The
signal appearing around 12:00 h was observed while the vehi-
cle was parked just downwind of a relatively small, lined

settling pond used to hold process reuse water. Subpanel b
displays a whisker plot of the stationary data only and illus-
trates the distribution of chemical concentrations as 25–75
percentiles as well as outliers. Subpanel c illustrates a
Google Earth screenshot depicting the toluene concentration
track. The navigation panel on the left sidebar of the screen

(a)  Settling pond (16:24)

(b)  Fresh Asphalt (16:02)
Fort McMurray

Fort McKay

Figure 4. Google Earth snapshot of atmospheric toluene data collected north of Fort McMurray, Alberta, Canada. Data are
multidimensional and time-stamped, allowing for a fully navigable data environment and video creation. The insets illustrate full scan
mass spectra of selected survey data obtained during detection events. Inset (a) shows themass spectrum of the air space downwind
of a waste-water settling pond (16:24) and (b) shows themass spectrum for atmospheric monitoring while travelling on a freshly paved
asphalt roadway (16:02). Both spectra were normalized to the toluene-d8 IS, with background and IS spectra subtracted
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allows the user to select the analyte to display. The data can be
viewed in a ‘video’mode, playing back the data evolution over
time. Screen overlays that include legend, data time se-
ries, and institutional logos can also be generated when
desired. Importantly, each data point can be queried for
its source file, scan information, raw counts, concentra-
tion, detection limit, time, latitude, and longitude. In
summary, Google Earth has proven to be an extremely
useful tool for data visualization and analysis due to its
data structure and wide availability.

Field Work – Aqueous Monitoring

Water samples can be readily analyzed using the same mem-
brane interface and ion trap mass spectrometer system by
diverting the aqueous sample stream into the MIMS interface
using the aqueous sampling manifold (Figure 1, valves A1 and
A2). Continuously infused IS delivered via a syringe pump can
be utilized for real-time calibrations using predetermined re-
sponse factors as above. The other syringe pump (Figure 1) can
be loaded with analyte standards and employed for periodic in-
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field calibrations by standard addition methods. The in-line
sample heater and heat exchanger system can be used to
preheat samples and improve response times, if necessary.
Figure 6 illustrates data for the analysis of a VOC contaminated
boiler feed water sample, diluted 24:1 to avoid space charge
effects in the ion trap from excessively high analyte concentra-
tions. The sample inlet line was switched from deionized water
to diluted boiler feed water at 21:24. Data analysis indicated the
diluted sample had a concentration of 29 ppb. At 21:39 (dashed
bar A), the continuous infusion of a standard solution contain-
ing both benzene (19 ppb) and toluene-d8 (19 ppb) was initiat-
ed. The software system allows for sample analysis by IS and/
or standard addition methods, depending on the injected solu-
tion. The benzene signal was calibrated using the standard
addition data, whereas the toluene-d8 is shown as a demonstra-
tion of the use of an IS. Once again, the use of an IS relays
important information to the field operator about instrument
performance by comparing on-site signal intensities to those
observed predeployment. The sudden jump in signal at 21:50 is
a result of an entrained air bubble that occurred when switching
the sample stream to a washout blank (DI water). The abrupt
change observed for the IS signal would be a suitable trigger to
suggest that this is compromised data, allowing it to be cen-
sored (if desired) from any further data analyses.

Since the instrument can be employed to report continuous,
calibrated VOC concentrations in aqueous samples in real-
time, it is a powerful in-field monitoring tool for dynamic
chemical systems. Industrial sites such as SAGD operations
have numerous operational systems to process and reuse water
supplies. On-line process monitoring can provide important
information to industrial operators. Furthermore, sensitive and
selective on-site monitoring of contaminants in surrounding
surface and ground waters aids in better environmental stew-
ardship and protection initiatives.

Implications and Future Work

The combination of instrumentation, data analysis, and visual-
ization software presented here provides a novel approach that

provides quantitative, information-rich data sets that enable
real-time, on-site decision making. This is especially useful
for timely process control decisions, emergency response sce-
narios, adaptive sampling during field measurement cam-
paigns, and long-term environmental monitoring studies. The
presented system is amenable to several improvements includ-
ing the inclusion of a thermally assisted membrane [33] to
improve detection limits for SVOC analytes and the implemen-
tation of various chemical ionization methods to improve in-
strument selectivity [28, 30, 36]. Future software development
will focus on cataloguing data for improved online database
access, additional data input features (e.g., real-time dilution
calculations), and improved data (and meta-data) presentation
for real-time quality control analysis. Additional peripheral
equipment development will include continuous wind vector
determinations and simultaneous video monitoring capabili-
ties. The presentation of more extensive datasets including
validation studies for hydrocarbons in both air and water will
follow in subsequent publications.

Conclusions
A novel field portable membrane introduction mass spectrom-
etry (MIMS) system is presented that utilizes in-house devel-
oped real-time data analysis and visualization software for
geospatial mapping of VOC/SVOCs in the environment. The
system has been used for monitoring hydrocarbon contami-
nants in air and water samples during in-field sampling cam-
paigns in and around oil and gas extraction facilities in
Northern Alberta, including the direct, in-field measurement
of process waters. Real-time detection limits are in the low ppb
range. The presented system allows operators to develop intel-
ligent, adaptive sampling strategies based on data being pro-
duced in real-time, and provides data to enable remotely locat-
ed decision makers to implement corrective actions when
needed. Continuous mass spectral time series datasets are ob-
tained, processed, and visualized using in-house developed
software. Data are temporally resolved and, therefore, capable
of capturing transient concentration excursions. In the case of
air monitoring, data capture over a wide spatial area by using
the system in a moving vehicle is also possible. Although the
presented system is currently limited to electron impact ioni-
zation (EI), we are exploring the use of softer chemical ioniza-
tion strategies to alleviate isobaric interferences that arise from
the EI fragmentation of matrix species.
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