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A B S T R A C T

Maintaining a steady sample temperature when analyzing real-time samples in the ﬁeld is crucial for Membrane Introduction Mass Spectrometry (MIMS). Diffusion through the membrane interface is temperature dependent, and sample
temperature might vary depending on the sample source. In order to reduce this source of inaccuracy, an in-ﬁeld and
online continuous monitoring system based on (MIMS) coupled with a heat exchanger and in-line standard addition
was developed for monitoring volatile organic compounds (VOC) in actual ﬁeld samples. Parametric studies of the
heat exchanger have been conducted in the laboratory. In order to maintain control on instrumental signal drift during
continuous, long-term analysis periods, the system used continuous infusion of internal standard (tuloene-d8) into the
sample stream and also provided the possibility to infuse, in the same way, an analyte for standard addition calibration.
This set-up has been utilized in the ﬁeld for analyzing both natural water sources and heavily polluted process water.
The system was demonstrated to offer a rapid method for quantifying volatile hazardous pollutants in aqueous matrices with good time-resolution.

1. Introduction
The release of volatile organic compounds (VOC) and semi-volatile organic compounds (SVOC) into the environment can be traced back to
both natural and anthropogenic sources [1–4]. Monitoring the release of
these compounds to the environment by monitoring programs is normally
done using nationally or internationally standardized methods, such as
ISO or EPA methods. For aqueous solution analyses, purge-and-trap gas
chromatography/mass spectrometry is the preferred method of analysis
for VOCs and SVOCs, e.g. EPA method 18 and EPA-NERL 542.2 [5,6]
These are well-proven and reliable methods for environmental monitoring
programs, but require time-consuming sample preparation and chromatographic separation, reducing their capabilities to resolve detailed compound variations in highly dynamic environments.

With an increasing demand for on-site online and real-time monitoring
for environmental surveys, membrane introduction mass spectrometry
(MIMS) has seen increased use [3,7–10]. Typically, MIMS uses a semipermeable polymer membrane, such as polydimethylsiloxane (PDMS),
with hydrophobic properties. The hydrophobic properties will prevent diffusion of particulates, water and highly polar and ionic compounds, while
enhancing diffusion of compounds with a hydrophobic nature, yielding a
MIMS system that is selective and sensitive for volatile and semi-volatile organic compounds (VOC/SVOC). This type of membrane will reject hydrophilic sample matrix and, thus, allow enrichment of these analytes from
both liquid or gaseous samples. After diffusion through the membrane,
analytes are directly transferred, often using helium gas as the carrier acceptor phase, to a mass spectrometer for subsequent ionization, resolution
and quantitative measurement [10].
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For ﬂexible and thorough analysis of VOCs/SVOCs, e.g. in the environment, the analytical system should preferably be brought to the location of
interest and allow continuous monitoring, with system control and data
analysis locally, or even remote/online. This would allow users to immediately respond to undesirable levels of analyte and it could provide, for any
measures taken to adjust/correct analyte levels at the site, instant feedback
regarding analyte levels.
There are many challenges faced when developing mobile on-line analytical instruments capable of providing real-time data. One of these
challenges for MIMS systems is caused by variable diffusion conditions
when an analyte species transfers through the membrane interface. In
general, the permeation through a membrane is dependent on Fick's
law of diffusion, where permeation rates are governed by, among
other parameters, membrane properties affecting the partition coefﬁcient for the analyte species between membrane and sample, the
thickness of the membrane and the concentration of the analyte species.
Previous research has shown a temperature dependency of analyte response, which, for ﬁeld use, might cause challenges not observed in
the laboratory under controlled conditions. The temperature dependence
of the membrane permeability usually follows the Arrhenius equation
well and, thus permeability depends on its values at some standard temperature and the activation energy for diffusion. It is, therefore, important to control sample temperature to avoid sensitivity variations, and
to maximize analyte response [11,12]. The capability to resolve multiple
“plumes” of pollutants in real-time online monitoring is governed by the
rise and washout time of the compounds in the plume. Temperature will
also inﬂuence the rise and washout time, and maintaining a steady sample temperature will therefore also be advantageous. Another challenge
in analyzing complex matrices in an online manner can be drift in detector signals. Proper calibration routines are therefore crucial for online
ﬁeld apparatus.
This work presents the development and characterization of a
countercurrent-ﬂow heat exchanger suited for mobile deployment that
corrects for variable sample temperatures, while also reducing power consumption in such ﬁeld instruments. An optimized heat exchanger – MIMS
interface is presented. It is used in combination with continuous-ﬂow internal standard addition, which previously has demonstrated promising
results for both aqueous and atmospheric sampling by MIMS [13–15].
Continuous infusion of toluene‑d8 standard into the sample line while
analyzing samples could, potentially, allow for online internal standard
calibration, correcting for any drift in signal. A second automated syringe pump allows in-line introduction of analyte for additional standard addition calibration, reducing, or even removing, the need for
more comprehensive calibration steps pre or post analysis. This work
presents the calibration curves for the hydrocarbon VOCs benzene
and toluene and test experiments with plumes containing different samples from the Steam Assisted Gravity Drainage (SAGD) oil reﬁnery process. It also reports the results of some in-ﬁeld water measurements by
this method, and compares them to results obtained by an established
standard method.

Table 1
Flow mixing conditions for standard solutions in the calibration experiments, specifying syringe pump ﬂows and calculated ﬁnal concentrations in the interface for selected analytes and the internal standard, respectively.
Analyte

Aqueous
ﬂow
(mL/min)

Standard
addition
ﬂow
(mL/min)

Dilution
factor

Standard
concentration
(g/L)

Final
concentration
(μg/L)

Benzene
Toluene
Toluene‑d8
(IS)

150
150
150

0.150
0.150
0.08

1000
1000
1875

0.0014
0.0014
0.0012

14
14
6.4

2.2. Laboratory instrumentation
A schematic diagram of the instrumentation used for these studies is
given in Fig. 1.
Aqueous samples were pushed through the sample train by a peristaltic
pump (Masterﬂex L/S Economy with L/S 25 Viton pump tubing, Cole
Parmer, Vernon Hills, IL) at 150 mL/min to ensure turbulent ﬂow at the
membrane interface. For infusion of standard solutions, two syringe
pumps (C3000 Syringe Pump, TriContinent, Grass Valley, CA and R99-E,
Razel Scientiﬁc Instruments, St. Albans, VT) were connected in line via a
stainless-steel Swagelok 4-way cross-junction (Swagelok, Solon, OH, USA)
upstream of the heat exchanger. The in-house built, 2.4 m long, coiled
tube-in-tube heat exchanger consists of an outer tube of copper (OD
1.27 cm, ½ inch; ID 0,95 cm, 3/8 in.) and an inner tube of stainless steel
(OD 0.635 cm, ¼ inch; ID 0.53 cm 0,209 in.). It was connected to the sample train through stainless-steel Swagelok Union T ﬁttings. The inner tube
of the heat exchanger extends through the Tee union to connect to the sample inlet whereas the outer tube connects to the sample waste outlet. A
heating tape was wrapped around the thermally regulated heat exchanger,
controlling sample temperature with a Ramp/Soak controller (1/32 DIN
Ramp/Soak Controllers, Omega Engineering Inc., Stamford, CT). The reference temperature for the controller (and thereby the sample temperature T3
in Fig. 1) was recorded at the T-junction with a thermocouple (Omega Engineering Inc., Stamford, CT) located after the heat exchanger in the sample
ﬂow. The sample (inner tube) and return (outer tube) ﬂowed countercurrent to each other to maximize the heat transfer from the return ﬂow
from MIMS to the ﬂow to the sample.
A quadrupole ion trap mass spectrometer (Polaris-Q™; Thermo Electron,
San Jose, CA, USA), operated in tandem mass spectrometry mode was used
to optimize the heat exchanger, the addition of internal standard in-line, and
in-line calibration through standard addition. Benzene and toluene were selected as the analytes for the experiments, and as the internal standard
toluene‑d8 was used. Vapor pressure data and speciﬁc mass spectrometry
scanparametersforthemaregivenintheSupplementarymaterial(TableST1).
A 10.0 cm long polydimethylsiloxane hollow ﬁber membrane (ID
0.51 mm, OD 0.94 mm, Dow Corning, Midland, MI) was housed in a
6.35 mm OD (1/4 in.)) stainless steel tube and afﬁxed at both ends to stainless steel capillary tubing (ID 0.51 mm, OD 0.71 mm, Vita Needle, Needham, MA) mounted in 2 stainless steel 1/4 in. Swagelok Tee Unions
(Solon, OH) by means of reducing Teﬂon ferrules. The membrane interface
was housed in the GC oven at 35 °C with a He-gas ﬂow of ~1 mL/min passed
through the lumen of the hollow ﬁber membrane. A metal jet separator
(P/N 113617, SGE, Inc., Austin, TX) was installed downstream of the membrane to achieve analyte enrichment by removing excess air and helium.
Physical characterization of the in-house built heat exchanger was conducted by calculating the consumption of effect (Watts) required to heat a
sample to 35 °C with varying sample reservoir temperatures (5 to 35 °C with
5 degrees increments). The calculations were carried out with Eq. (1) [16].

2. Materials and methods
2.1. Reagents and standards
Target analytes (Table 1) and internal standard were ACS grade or
better, and obtained from Sigma Aldrich Ltd. (Oakville, ON, Canada).
HPLC grade methanol from Fisher Scientiﬁc (Ottawa, ON, Canada) was
used for the preparation and dilution of single and combined standards.
Sample water for the laboratory experiments was either deionized (DI)
water (Model MQ Synthesis A10, Millipore Corp., Billerica, MA, USA)
or surface water collected from a Koi pond (Nanaimo, BC, CA). Samples
presented from the ﬁeld experiments were collected at various sites of
SAGD operation near Conklin, AB, Canada, and in and around Fort
McMurray, AB, Canada.

Q ¼ ρ  C p  ΔT  q

ð1Þ

where Q is the effect in watt (J/s), ρ is the density of water (g/mL), Cp is the
speciﬁc heat of water (J/g*K), ΔT is the temperature difference between
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Fig. 1. Schematics of MIMS apparatus with a dual syringe pump setup for direct standard infusion. An in-house built heat exchanger was connected in-line to ensure stable
sample temperatures in the membrane interface at low energy consumption. The three locations for temperature measurements for the test of the heat exchanger are
indicated in the ﬁgure as T1, T2 and T3. Speciﬁc adaptations for use in the laboratory and the ﬁeld experiments, respectively, are shown in the Supplementary Material (in
Figs. SF1 and SF2).

methanol at a concentration of 14 μg/L. For quantiﬁcation of the contaminants, a constant ﬂow of IS was infused at a set ﬂow rate (0.08 mL/min) to
the same sample stream. Test experiments for plume detection with more
realistic matrices were also performed successfully where the DI water
was replaced by surface water collected from a koi pond (results not reported). Furthermore, a process water sample from a (tar sand) oil extraction process was injected in plume experiments (with dilution in DI
water) to better simulate contamination during ﬁeld operation of the
instrumentation.

sample temperature and the heated sample temperature (K), and q is the volumetric ﬂow rate (mL/s).
Power consumption needed to heat the sample from its original temperature to a ﬁnal temperature for analysis was linked directly to recorded
temperature of the sample. This was done in real time, by using the given
temperature difference (ΔT). As seen in Fig. 1 Three different temperatures
were recorded at speciﬁc locations in the sample stream. For the calculation
of effect to heat the sample, ΔT comes from the subtraction of T1 from T2
(ΔT = T2-T1). The externally required effect corresponds to the subtraction
of power required to heat and power given from the sample in the heat exchanger on the return, from T2 to T3.
Analyte calibrations were performed by using continuously infused internal standard calibration. The delivery of a combined standard and the internal standards was achieved with the two syringe pumps, infusing
standards directly to the aqueous sample ﬂow at the 4-way cross-junction
(Fig. 1). A combined standard was prepared with toluene, benzene and
naphthalene in methanol to a ﬁnal concentration of 14 mg/L each (however, the naphthalene data were not used further). The toluene‑d8 used as
internal standard (IS) and was prepared in methanol to a ﬁnal concentration of 12 mg/L. With deionized water (DI) ﬂowing at a set ﬂow rate of
150 mL/min over the membrane, the internal standard was infused with
one syringe pump at a constant ﬂow rate of 0,080 mL/min while the combined standard was injected with the second syringe pump at varying ﬂow
rates, yielding speciﬁc dilutions and thereby a range of concentrations from
3 to 50 μg/L. See Table 1. For some examples of a setup of infusion ﬂows,
dilutions and concentrations. Relative Response factors, RRF, for the
analytes (A) were calculated from Eq. (2) based on the standard and internal standard concentrations, [A] and [IS] respectively, and used for quantiﬁcation in further experiments.
RRF ¼

SignalA =½A
SignalIS =½IS

2.3. Field instrumentation
The instrumental setup used during ﬁeld deployment is shown in
Fig. SF2. A modiﬁed GC/MS system with a cylindrical ion trap mass spectrometer (Grifﬁn™ 400, FLIR© Systems, Inc., West Laffayette, IN, USA) operated in tandem mode was used to obtain the MIMS data. Additional
details regarding the ﬁeld portable ion trap system have been published
elsewhere [1].
Calibrations done pre-deployment were acquired by using a dilute
methanol standard of target analytes (Table 1) combined with toluene‑d8
as an internal standard injected at set volumes to a separate closed loop recirculation MIMS system (not represented in Figs. 1 and SF2) with a ﬂow of
150 mL/min. Relative response factors were calculated at several different
μg/L sample concentrations using MIMS steady state signals based on
Eq. (2).
Water samples were collected from the source (e.g. lake, pond, creek or
river) with a peristaltic pump, described earlier in this section. These samples were analyzed in real time and online at speciﬁc locations. The temperature of sample entering the MIMS interface was regulated (35 °C) by
means of the heat exchanger. Sampling time varied between 1 h and 3 h.
A standard comprised of target analytes (Table 1) was injected at the end
of each run by means of an automated syringe pump (Figs. 1 and SF2) for
an additional in-ﬁeld calibration check. When continuous monitoring was
not feasible, samples were analyzed as grab samples (e.g. ground water,
process water and, in general, water from inaccessible locations), by
collecting the water in 4 L brown glass bottles and analyzing them in the
MIMS system within 3–4 h. Quality Control subsamples for conventional
analysis of BTEX compounds using static headspace-GC/MS (EPA 5021

ð2Þ

Plume experiments were simulated by injecting various solutions into a
sample stream of DI water (150 mL/min) at various lengths of time with a
syringe pump at a set ﬂow rate (0.150 mL/min). Plumes of contaminants
producing both steady- and non-steady state conditions were created. The
artiﬁcial plume was made up of a standard containing benzene only in
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3. Results and discussion

A ﬂow rate of 150 mL/min was selected, as higher ﬂow rates required
disproportionately more power by the heater to keep a stable sample temperature at low sample temperatures. For a ﬂow of 150 mL/min about
140 W is required from an external power source to heat a sample from
5 °C to 35 °C. The dead volume of the inner tube of the heat exchanger is
about 50 mL creating a thermal equilibration time of 20 s.

3.1. Heat exchanger

3.2. Calibrations

The minimization of power consumption is of key importance when operating an instrument in-ﬁeld, especially when operating on (limited) battery power. A heat exchanger system should be able to reduce power
consumption of the temperature control of the sample stream. Utilizing
temperature regulation of the sample gives the advantage of having a thermally more stable feed of sample to the membrane interface, as membrane
permeation is dependent on temperature, among other parameters [12].
This is especially important when operating in-ﬁeld, where sample temperatures may vary widely. Depending on the nature of in-ﬁeld samples, temperatures may be from 5 °C, e.g. in a low temperature ground water
reservoir, to well above 20 °C or higher for surface water bodies.
The developed heat exchanger and syringe pump assembly were
employed to optimize our in-ﬁeld aqueous MIMS analysis system including
the use of a continuously infused internal standard. The power consumption of the heat exchanger was characterized with respect to sample feed
temperature and sample ﬂow ﬁrst, in a laboratory MIMS system. This was
done to optimize (and maximize) the efﬁciency of the heat exchanger for
low power consumption, to allow longest possible ﬁeld operation. In general, the energy consumption of the heat exchanger for maintaining a temperature above sample temperature increases with decreasing sample feed
temperature.
The in-house built heat exchanger was investigated with regard to
power consumption and was found to have a heat transfer efﬁciency of
about 70%. To further characterize the heat exchanger, experiments were
conducted to calculate the different sources of power consumption and
their respective magnitude. Shown in Fig. 2 are the results of the calculation
of (A) power required to heat the sample to 35 °C from varying sample reservoir temperature with varying ﬂow and (B) externally required power for
the heat exchanger to maintain the sample temperature of 35 °C under same
physical parameters as (A).
With increasing ﬂow rate and decreasing sample reservoir temperature
the power required to heat the sample increases. With a sample temperature of 5 °C the heat exchanger was incapable of maintaining a sample temperature of 35 °C with ﬂow rates above 250 mL/min.

Calibrations for MIMS analyses are normally done in a recirculating system with standard addition of selected standards, which makes the process
of in-ﬁeld calibrations cumbersome [17]. With the dual syringe pump and
the heat exchanger assembly, calibration could be performed with a continuous infusion of an internal standard simultaneously with the infusion of selected standards under controlled temperature conditions. For portable
deployment, this allows improved calibration routines of the instrumentation for rapid QA/QC.
In the present laboratory experiments the typical procedure of calibration was for two selected compounds, benzene and toluene, using an internal standard. The concentrations of benzene and toluene in the calibration
sample stream were regulated by the syringe pump with the standard mixture solution, controlling the analyte ﬂow into the DI water sample stream
by its pumping speed. Standard solution was added repeatedly in intervals
with blank periods in between during the calibration, usually in a sequence
of increasing concentration levels. Meanwhile, the internal standard is permanently infused at a set ﬂow rate over the course of standard injections,
maintaining a constant concentration.
An example of MIMS data from such a calibration sequence can be seen
in Fig. SF3 for calibration levels of 0, 3, 5, 15, and 50 μg/L of benzene and
toluene, with lengths for standard and blank infusion intervals of approximately 10–20 min each. Under these conditions, it seems as if the traces
at the lower concentrations reach, or get quite close to, steady-state levels
(within 2–4 min), while the signal at highest concentration (for toluene in
particular) seems to slowly increase in intensity until the end of the interval
plume. This requires an unambiguous speciﬁcation of where signal size
should be measured within a plume for clearly non-steady state plumes.
Calibration curves and their linear regression functions for a representative
internal standard-based calibration experiment are shown in Fig. SF4. The
calibration offered a good linearity over a range of concentrations (R2 =
0.9991 and 0.9997, respectively, for benzene and toluene) in the concentration range investigated (3–50 μg/L) with no, or small, deviations from
steady state plume signals. For in-ﬁeld calibrations the heat exchanger syringe pump assembly offers a very convenient and simple way of

and EPA 8260) by an accredited laboratory (ALS Environmental, Edmonton, AB, Canada) were collected in-line while sampling (Fig. SF2, at the
Outlet for subsampling). Subsamples were collected both while analyzing
the sample and during standard injection for method validation.

Fig. 2. Calculated power required to heat a sample from various reservoir temperatures (5–35 °C) at various ﬂow rates assuming no heat exchange (A). The experimentally
determined amounts of power needed externally for heating the heat exchanger to reach a sample temperature of 35 °C at speciﬁc ﬂow rates with varying sample reservoir
temperatures (5–25 °C) (B).
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inlet in a limited time window can, therefore, result in undesireable overlap
of the tailing signal of the less volatile compounds from the ﬁrst plume with
the signals from the second one. For environmental monitoring, however,
the ability to resolve sequential plumes of pollution within an often limited
window of time is important. With aqueous MIMS analysis this is, among
many factors, limited by the nature of the compounds of interest within a
plume. The retention time within the membrane, i.e. the rate of
pervaporation to the gas phase will depend primarily on the volatility of
the compounds (transfer/evaporation into the acceptor gas phase) for a
given membrane. For testing this context, attempts were made to simulate
plumes in the laboratory, with a combined standard of benzene and toluene. In addition, for more realistic testing, a SAGD process water sample
containing volatile aromatic hydrocarbons was injected, which created a
plume simulating contamination from a heavy oil process facility. In these
experiments plume time lengths of several minutes were tested, where signal responses for analytes were expected not to be at, but hopefully not too
far from, steady state behavior. The scope of this experiment was to demonstrate plumes passing over a sample inlet during a limited time window
where steady state therefore is not expected to be achieved.
Fig. 3 (A) shows artiﬁcial pulses (plumes) of the process water sample
injected by one syringe pump into a DI water stream at two different lengths
of exposure, while, for quantitative purposes, an internal standard was infused continuously alongside by the other pump. Fig. 3 (B) shows the SIM
trace from plumes of the benzene in the sample from a this heavy oil processing facility. Firstly, two plumes were simulated with a 20 min injection
time, then two shorter plumes with an 8 min injection time of the same
sample. As shown in the ﬁgure, neither the 8 min nor the 20 min plume
reaches steady state.
It is also evident, that at the same infused concentration, the shorter
plumes only reach about 80–90% of the maximum height of the longer
ones. Calibration accuracy will, therefore, (also) be dependent on how
long the sample plume lengths are compared to the plume lenghts during
calibration. In the simple (but probably unrealistic) case of clear-cut square
pulse plumes, the width of the signals recorded could indicate the plume
width to be used for post analysis calibration work. For such a case, hypothetically, one could also derive signal width- dependent correction factors
for the quantitation of peaks calibrated at a different plume duration, if high
accuracy is required and makes the considerable extra effort worthwhile.
The signal of the internal standard, continuously infused at a concentration of 8 μg/L, can be seen in Fig. 3(C).
Using the regression equation from the calibration (see Fig. SF4) the
concentration of benzene was calculated to about 3 μg/L for each concentration. As the signal height is dependent on the plume length, the accuracy
for these plumes in the experiment of Fig. 3 is coarsely estimated at +/−
10%, based on the observed peak height dependence on plume length (reduction of 10–15% for the shorter plume). This uncertainty might be more
signiﬁcant than the uncertainty by precision determined in the calibration
curve, as long as plume lengths are variable (not identical to the calibration

Fig. 3. (A) represents the ﬂow rate of sample of heavy oil process water (boiler feed
water, BFW) added by the automated syringe pump to the DI water sample stream.
(B) Shows the variation in signal intensity for the benzene signal during the
sequential injections of pulses of the process water sample. (C) shows the signal
intensity of toluene‑d8 during the course of the experiment (with a signal dip
during syringe reﬁll at about 178 min, and at the end of internal calibration at
225 min).

calibration by the internal standard method, as well as the possibility to
continuously infuse an internal standard while analyzing a sample of interest. As seen in Fig. 3.
In order to check the robustness of calibration, the variations in relative
response factors, RRF, at various initial temperatures and ﬂow velocities of
the sample can be compared. Looking at the values for 10, 20 and 35 °C for
temperature variation, and for 100, 150 and 200 mL/min for variation in
ﬂow velocities, the variations in RRF are moderate. Values are varying
within about 15% between lowest and highest relative response, as is
shown in Fig. SF5.
3.3. Resolution and quantiﬁcation of sequential plumes
Resolving multiple plumes in an aqueous body, e.g. a running stream,
can represent a problem as contaminants within a plume have different residence/pervaporation times within the membrane, depending on their
chemical and physical properties. Having two plumes passing a sample

Table 2
Comparison of concentration data for benzene of real samples obtained from MIMS data in the ﬁeld, and data measured by a commercial laboratory (ALS, using standard
sampling and analysis methods), respectively. For an overview of sampling locations please refer to Fig. SF8.
Benzene
Sample

MIMS - Sample (μg/L)

ALS - Sample (μg/L)

Qual. Contr.: MIMS - Sample with Comb. Standard (μg/L)

Qual. Contr.: ALS
– Sample with Comb. Standard (μg/L)

A (McLean creek)
B (Paw pond)
C (Rommegrot creek)
D (Christina River)
E (Tailing pond 1)
F (Process water)
G (Tailing pond 2)
H (Clearwater River)
I (Athabasca River)
J (ALS DI experiment)a

<0.5
<0.5
<0.5
<0.5
0.7
28.6
13.5
<0.5
<0.5
<0.5

<0.5
<0.5
<0.5
<0.5
<0.5
29.1
13.7
<0.5
<0.5
<0.5

13.8
14.6
13.9
14.4
15
50.3
23.6
13.4
13.5
13.7

20.6
10.6
14.6
0.7
20.2
46.5
36.8
14.2
16.8
18.3

a

Experiment conducted with deionized water (DI), where DI with and without combined standard was analyzed with MIMS and ALS.
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Table 3
Comparison of concentration data for toluene of real samples obtained from MIMS data in the ﬁeld, and data measured by a commercial laboratory (ALS, using standard
sampling and analysis methods), respectively. For an overview of sampling locations please refer to Fig. SF8.
Toluene
Sample

MIMS - Sample (μg/L)

ALS - Sample (μg/L)

Qual. Contr.: MIMS - Sample with Comb. Standard (μg/L)

Qual. Contr.: ALS
– Sample with Comb. Standard (μg/L)

A (McLean creek)
B (Paw pond)
C (Rommegrot creek)
D (Christina River)
E (Tailing pond 1)
F (Process water)
G (Tailing pond 2)
H (Clearwater River)
I (Athabasca River)
J (ALS DI experiment)a

<0.5
<0.5
<0.5
<0.5
1.5
18
10.1
<0.5
<0.5
<0.5

<0.5
<0.5
<0.5
<0.5
1.5
17.3
9.1
<0.5
<0.5
<0.5

20.3
20.2
20.3
20.4
21.2
31.2
26.7
20.8
22
21.5

19.2
14.1
13.9
1.1
15.3
35
25.6
13.4
17.4
15.5

a

Experiment conducted with deionized water (DI), where DI with and without combined standard was analyzed with MIMS and ALS.

statistical basis is too weak to draw any ﬁrm conclusions. In the quality control sample D (containing injected combined standard) the concentrations
of both benzene and toluene show very low measured values in the analysis
with conventional methods. This may be attributed to either a fault in the
addition of the combined standard to water sample D, or to an error with
the combined standard itself in this speciﬁc case, as all other samples
have reasonable concentrations.

pulses). It will lead to systematic underestimation of concentrations in short
plumes - the shorter the plume, the more pronounced the error.
Limiting factors for time-resolving successive plumes are the rise and
washout times of analytes in the membrane interface (illustrated for a
20 min rectangular concentration pulse (plume) of benzene in heavy oil
process water in Fig. SF6). The t10–90 rise times for each plume of benzene
in a sequence of rectangular plumes in Fig. 3B were calculated to be, respectively, 3.3, 2.8, 2.4 and 2.3 min (Fig. SF7). These values are slightly higher
than determined earlier [1]. The washout time (t90–10) was estimated to be
respectively 5, 5.5, 3.3 and 5.5 min for the same plumes.
As Figs. 3 and SF7 show for the 20 min plumes of benzee, the baseline is
reached about 10 min after the end of the plume for this highly volatile analyte. Signals for less volatile analytes will return more slowly (compare
benzene and toluene in Fig. SF3) and settling times might be signiﬁcantly
higher than these 10 min, maybe as high as 30 min. Considering the observed rise- and washout times, one can assume a resolving power of one
plume, depending on the nature of the analytes, to be 30–50 min if full resolution of the plumes is desired. The estimations presented here are not
based on a steady state signal, as plumes occurring during sampling in a
creek or a stream (especially when close to the location of introduction
into the water body) might be short and not reach a steady state when passing by the sample inlet. To attempt a quantitation by peak height, that does
not massively deviate from a probable real value, we would estimate that
signals with widths (at 10% of maximum height) of at least about 1.5 to 2
times the sum of rise and washout time (t10–90 + t90–10) would be recommended. Alternatively, calibration with adapted realistic plume widths
should be performed.

4. Conclusions
An in-ﬁeld membrane introduction mass spectrometry (MIMS) system
using a countercurrent-ﬂow heat exchanger has been successfully tested
in the ﬁeld for online determinations of VOCs in the μg/L range. Optimized
parameters with respect to stability and heating power savings were found.
This, together with the continuous infusion of toluene‑d8 as an internal
standard into the sample stream was used to both achieve stable online calibration and to compensate for signal drift. Quantitative results of in-ﬁeld
MIMS analyses for benzene and toluene of water samples, both from
SAGD oil reﬁnery process operation, and from various freshwater bodies
in Alberta (Can), and corresponding control (grab) samples analyzed by a
commercial laboratory are found to be in good agreement. The technique
was successfully used for rapid and simultaneous measurement of volatile
organic chemicals in a variety of freshwater samples.
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3.4. Quality control and data veriﬁcation
During experiments carried out in the ﬁeld, several grab samples ranging from process water to streams and rivers were collected. Sampling locations are given in Fig. SF8. Each sample was collected in duplex, where one
part was injected with a combined standard of BTEX compounds (in this
paper we focus on benzene and toluene, with a concentration of about
20 μg/L) and the other was not. Both these samples were then split into
two parts where one set of subsamples without and one with combined
standard added were analyzed with a ﬁeld portable MIMS, and the other
two subsamples were sent for laboratory analysis by an accredited commercial analysis laboratory (ALS Environmental). Results for benzene and toluene are presented in Table 2 and Table 3, respectively. As can be seen the
results of the analyses with MIMS and those of conventional sampling
and analysis (by ALS Environmental) are comparable, both for the real samples and the quality control samples. Actually, the results for the control
samples show larger deviations between MIMS measurements and conventional analyses than the quantiﬁable results of the ﬁeld samples (E - G). In
the majority of cases, the conventional analyses measure lower concentrations, some of them up to 35% lower values (sample H). However, the

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.
org/10.1016/j.enceco.2020.09.003.
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