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A B S T R A C T

Because of their major role in indoor and outdoor air pollution, even at trace levels, VOCs are of great interest,
and their monitoring requires sensitive analytical instruments. Several techniques are commonly used, such as
portable sensors, Proton Transfer Reaction Mass Spectrometry (PTR-MS) and Thermal Desorption Gas Chro-
matography (TD-GC). The latter is widely used off- and on-line with Flame Ionization Detectors (FID) or Mass
Spectrometers (MS). Given the large number of molecules detected per chromatogram, the data generated by
these monitoring techniques are usually checked and reprocessed manually. This process is extremely time con-
suming and could result in human error. The challenge is to provide reliable results as quickly as possible.

In this study, the performances of an on-line TD-GC system with dual detection FID and MS were tested. The
Method Detection Limits (MDL), linearities and accuracies of 60 VOCs (alkanes, aromatics, oxygenated and halo-
genated) were calculated both for FID and MS detectors. The MDLs and accuracies ranged from 0.006 to 0.618
ppbv and from 77 % to 100 % for FID, and from 0.018 to 0.760 ppbv and from 80 % to 100 % for MS. Both detec-
tors showed good complementarity and allowed the development of two programs to facilitate data analysis.
These algorithms were designed to autonomously select optimal results between FID and MS detectors, and were
evaluated for outdoor and indoor measurement conditions. Measuring VOCs in field campaigns is challenging,
and it is anticipated that these programs could be extended to other types of dual-detector systems or for the com-
parison of data from different calibrated instruments.

1. Introduction

Volatile organic compounds (VOCs) are a class of pollutants emitted
into the atmosphere both from anthropogenic and biogenic sources
[1,2]. VOCs constitute a broad range of compounds, many of which
have adverse effects on human health. According to the health agen-
cies, longtime exposure to air polluted areas could lead to long-term
diseases [3]. For example, traces of carbonyl and aromatic compounds
such as formaldehyde and benzene are implicated in incidences of some
cancers and pulmonary issues [4,5].

VOCs also play a major role in global climate change. During day-
time, they react mostly with hydroxyl radical (OH) [6,7]. During Night-
time, olefinic and aldehydic VOCs will be oxidized by reaction with ni-

trate radical (NO3) [8–10]. Ozone can also oxidize VOCs during day and
night [11,12]. All these oxidation processes lead to the formation of
secondary organic aerosols and tropospheric ozone, considered to be
one of the most important greenhouse gases [13].

While VOC emissions in outdoor air are mainly related to environ-
mental issues, their role in indoor environments are directly linked to
human health. Nowadays, people spend the majority of their time in-
doors (e.g. homes, schools, offices, public transport). As these com-
pounds are widely emitted from building materials, paints, solvents and
furniture, indoor air is a major source of human exposure to VOCs.
These pollutants, depending on their concentration and exposure time,
can have immediate or future adverse health effects [14]. In addition,
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they are generally present at higher concentrations, at ppbv levels in-
doors compared to pptv in outdoor environments [15].

As each VOC has a specific toxicity [16] and reactivity [17] in the
atmosphere, it is important to identify these compounds in order to as-
sess their impact on health and the environment. For these reasons, it is
necessary to accurately measure the VOC concentrations in both indoor
and outdoor environments. To do so, numerous monitoring techniques
exist. Low-cost screening devices have been developed and deployed
over the last few years. These instruments are affordable and constantly
evolving. Nevertheless, these systems usually suffer from a lack of sensi-
tivity and specificity [18]. On-line near real-time measurement tech-
niques such as Proton Transfer Reaction Mass Spectrometry (PTR-MS)
[19], Differential Optical Absorption Spectroscopy (DOAS) [20], and
Fourier Transform InfraRed spectroscopy (FTIR) [21] are also widely
employed to monitor VOCs in ambient air. Among them, Proton Trans-
fer Reaction Time-of-Flight Mass Spectrometry (PTR-ToF-MS) is com-
monly used in atmospheric science for monitoring [22]. Another main
approach to monitor VOCs in ambient air is the Gas Chromatography
(GC) technique [23,24]. Thanks to its high reliability, this technology is
used in the EPA Standard method to quantify VOCs in ambient air by
off-line sampling of canisters and GC–MS (USEPA, 1999). Major draw-
backs of off-line sampling include low temporal resolution and the pos-
sibility of losing information during canister transport. Hence, on-line
thermal desorption (TD) gas chromatographs are also frequently de-
ployed [25–27].

Recently, the Aerosol, Clouds and Trace Gases Research Infrastruc-
ture (ACTRIS) published measurement guidelines for NOx and VOCs
[28]. In this report, the TD-GC technique is presented as the method of
choice for VOCs monitoring for the reasons of medium cost, high sensi-
tivity and excellent reproducibility. On-line GCs appeared to be good al-
ternatives to deliver accurate and continuous VOC monitoring in ambi-
ent air while avoiding storage issues. However, PTR and GC methods
remain expensive and require well-trained personnel to operate and an-
alyze the data, which increases their overall costs.

Two major types of detectors are coupled to on-line TD-GC: Flame
Ionization Detection (FID) and Mass Spectrometry (MS). It is challeng-
ing to identify which detector is the most suitable for ambient air mea-
surement as they both have their specific advantages.

The MS is a very powerful detector for identification and quantifica-
tion of complex mixtures with potential coeluted compounds but re-

mains less stable and linear than the FID, especially for long-term mea-
surements [29]. However, FID is wholly dependent upon retention time
for compound identification, and under real-world conditions where re-
tention times can vary subtly, and where complex sample mixtures lead
to coelutions, compound peaks are easily misidentified and/or misin-
terpreted, especially using automated software approaches.

The complementarity of these detectors has motivated the attempt
to couple them after GC separation since 1968 [30–32]. In the field of
atmospheric science, off-line TD-GC-FID/MS have been used essentially
for laboratory studies [33,34]. Despite the advantages of the dual detec-
tion, measurements in parallel of FID and MS generate twice as many
data to analyze, representing a significant part of a scientist's work
time, especially for concentrations at pptv levels. Hence, there is a need
to automatize the data processing as much as possible.

We discussed in a previous study [35] about the development of an
automatic TD-GC with dual detection FID and MS for measuring light
odorous compounds from certified gas cylinders.

Accordingly, we present the optimization of this on-line TD-GC-
FID/MS for the monitoring of a wider range of ambient VOCs (between
2 and 16 carbon atoms), in field campaigns and the performance studies
of the instrument for FID and MS detectors to demonstrate their com-
plementarity. We describe the development and optimization of a com-
parison algorithm made to improve data reprocessing automation. Its
objective is to automatically select for each compound the FID or MS
data in order to quickly provide an accurate validated result.

To illustrate the performance of this newly developed algorithm, it
was applied two indoor and outdoor measurement campaigns and
tested against a manual data analysis.

2. Materials and methods

2.1. Auto-TD-GCs for C2 to C16 VOC monitoring

An automatic dual thermo-desorption gas chromatograph equipped
with Flame Ionization Detector and Mass Spectrometer presented in
Fig. 1, was used to monitor VOCs in ambient air during indoor and out-
door measurement campaigns.

This system was composed of two independent modules made to
separate and detect lighter VOCs containing 2 to 6 carbon atoms (air-
moVOC C2-C6, Chromatotec®, France) and heavier VOCs containing 6

Fig. 1. Schematic of the Auto-TD-GC(C2C16)-FID/MS system for online VOC measurements.
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to 16 carbon atoms (airmoVOC C6-C16, Chromatotec®, France). The
cabinet was also equipped with zero air (dew point < −10 °C, TVOCs
< 5 ng) and ultra-pure hydrogen (99.9999 %) generators (airmopure
and hydroxychrom, Chromatotec®, France), calibration system (airmo-
Cal, Chromatotec®, France) and a mass spectrometer (DET QMS, Chro-
matotec®, France). Samples were collected through a heated sampling
line (150 °C) every ten minutes for 30 min under a flow rate of
50 mL.min−1 using a diaphragm pump and mass flow controller.

In the C2–C6 module, 110 mL of air sample was drawn with a flow
rate of 12 mL.min−1. Firstly, the sample passed through a permeation
dryer (airmoDry, Chromatotec®, France) to remove the humidity and
was then pre-concentrated using a cryotrap filled with a mixture of Car-
boxen and Carbopack, held at −10 °C using a Peltier cooler. Secondly,
the pre-concentrated sample was desorbed at 220 °C for 4 min and di-
rectly injected in an Al2O3/Na2SO4 PLOT column
(25 m × 0.53 mm × 10 µm). Within the first minute, the temperature
of the oven rose from 36 °C to 38 °C. In a second stage, a constant heat-
ing rate of 10 °C.min−1 was applied up to 202 °C, and held for 10 min
before cooling. Finally, the air sample reached the first FID detector
heated at 170 °C.

In the C6–C16 module, 1150 mL of ambient air sample was drawn
into the system at 38 mL.min−1. The sample was then pre-concentrated
at ambient temperature on a trap filled with Carbopack. Then, it was
desorbed at 380 °C for 4 min and injected into a MXT30CE column
(30 m × 0.28 mm × 1.0 µm). During the first 7 min of the analytical
procedure, the oven temperature was set from 40 °C to 50 °C. After-
wards, a heating rate of 10 °C.min−1 was applied for 3 min followed by
heating rates of 15 °C.min−1 for 8 min, 2 °C.min−1 for 5 min and
9 °C.min−1 for 4 min up to 270 °C. Then, the temperature was kept at
270 °C for 3 min before cooling. Finally, the air sample reached the sec-
ond FID detector at 200 °C.

A single quadrupole mass spectrometer equipped with a heated mul-
tiplexing system for C2-C6 and C6-C16 streams (250 °C) was connected
in parallel with a heated transfer line (200 °C) to the C6C16 module.
Electron impact spectra were obtained at 70 eV and the source temper-
ature was set at 150 °C. Full-scan mode acquired all mass-to-charge ra-
tios between 35 and 170 amu.

In this study, the molecules separated with the C6-C16 module were
detected in parallel with the FID and the MS, meaning that the results of
each detector could be compared with one another.

2.2. Experimental setup for VOC calibration

Calibrations of the system were performed using two certified gas
cylinders. PAMS 58 (Takachiho®, Japan) containing a mixture of 58
hydrocarbons and TO-15 (Takachiho®, Japan) containing a mixture of
68 oxygenated VOCs and halogenated compounds were used to cali-
brate the VOCs. The calibrations were performed by dilutions of PAMS
and TO-15 cylinders containing 100±1 % ppbv of each molecule. To
do so, Mass Flow Controllers (MFC) (Chromatotec®, France) were used
to adjust zero air and cylinders flows (accuracy ±1 % reading on range
5 % - 100 %). Six points calibration curves were performed in the range
0.5–10 ppbv with 10 and 6 replicates for the first and the next calibra-
tion points respectively.

2.3. Performances evaluations

Method Detection Limits (MDL) and accuracies of each detector
were calculated according to the Chinese standard for ambient air mea-
surement [36]. MDL were calculated using the following formula:

Where, t(n-1, 0.99) corresponds to the Student's t-value for a single-
tailed 99th percentile t statistic and with n-1 degrees of freedom, and S
is the standard deviation of 10 replicates of the first concentration level.

The equation to evaluate the accuracy of i compounds at 4 ppbv
was:

Where, Ccalc is the concentration calculated with calibration curve,
and Cinj is the injected concentration determined with the dilution of
the certified gas cylinder.

2.4. Data acquisition and automatic reprocessing

As shown in Fig. 1, VistaChrom and VistaMS were the software pro-
grams used to acquire and process the data coming from FID and MS de-
tectors respectively. Both programs were fed by databases of known
VOCs in ambient air called the substance tables.

As the FID detector is able to detect any burned organic molecule
giving a signal that is approximately proportional to the carbon content
of a molecule, it is possible to quantify these molecules depending on
the response of the detector according to a reference substance. This
semi-quantitative technique was used when the molecule could not be
calibrated using certified gas cylinders.

The mass spectrometer was scanned from m/z 35 to m/z 170. There-
fore, for each compound in the database, a quantifier ion within this
range was selected to calculate its concentration. The aim was to select
the more specific ion to avoid interferences between any coeluted mole-
cules detected.

To allow automatic identification, a period covering the theoretical
retention time of each compound was entered in both substance tables.
For the MS detector, as a specific ion was assigned to a molecule, the pe-
riod time could be longer in the Mass Spectrometer substance table
(≈20 s) than in the FID one (≈10 s).

2.5. Measurement campaigns

To test and compare the newly developed algorithm's efficiencies,
data sets from two measurement campaigns were used. The data from
an outdoor measurement campaign located in a suburban Parisian for-
est during summer 2022 [37] were collected and analyzed. In this
dataset, emissions of biogenic compounds such as oxygenated VOCs
(OVOCs) and terpenes were expected. As the forest was located close to
a large urban area, aromatic compounds could be detected as well. In
this dataset, VOCs at tens to hundreds of pptv were observed.

Another set of data coming from an indoor workplace was also used.
This environment was composed of offices and a quality control labora-
tory. During this campaign, higher concentrations of VOCs were ex-
pected, closer to ppbv levels.

The objective of these different locations and conditions was to chal-
lenge the algorithm on a large range of VOC concentrations and condi-
tions.

3. Algorithm development

After automatic peak matching of the compounds (as described in
Section 2.4) detected by the FID and MS detectors on VistaChrom and
VistaMS, the data were submitted to the comparison algorithms.

A first version (V1), was developed in the VistaMS software to se-
lect, for each compound, a result between FID and MS detectors. To
make the comparison, VistaMS communicated with VistaChrom to im-
port its data (Fig. 1). The flowchart of this algorithm is shown in Fig. S1.
Its two stages aimed to compare the difference between the FID and MS
values to select one of them and provide a validated measurement. The
FID value will be chosen if one of the conditions is true. When both
stages are false, the FID value is considered significantly different from
the MS value. As the typical problems encountered with FID detection
are coelutions and misidentifications, MS is selected in this case.

3
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Concentration gap values (C_Gap) and percentage gap values
(%_Gap) were predefined by the manufacturer and can be modified in
VistaMS whether the FID or MS is preferred. When the compound is
usually not coeluted, the values are large enough to favor FID as it is the
more stable and linear detector. Table 1 shows an example of the values
chosen depending the detector preferred.

To develop a second algorithm, MATLAB version 9.13.0.2105380
(R2022b) (The Mathworks, Inc, Natick, MA) was used. The FID and MS
data were exported in .csv format from VistaMS and were submitted to
the newly optimized algorithm (V2) presented in Fig. 2.

This optimization aimed to account for the performances of each de-
tector, i.e. the MDL and the accuracy (%recovery) for each compound.
The flowchart can be divided into 3 sections, namely S1 (comparison to
the MDLs of each detector), S2 (comparison of the compounds cali-
brated with a certified gas cylinder) and S3 (comparison of the com-
pounds not calibrated with a certified gas cylinder). Depending on the
stage where the value is output, the FID or MS value will be considered
as the validated data.

3.1. S1: comparison to the MDLs of each detector

The first section was to determine if the values have to be consid-
ered. To do so, 3 stages are made to compare the FID and MS values
with the detection limits (Fig. 2). When both FID and MS values are un-
der their respective MDLs, the value is not considered and is output as
“Not detected”. When the MS value is above MDLMS but the FID value is
under MDLFID, the MS result is selected. In the opposite case, a stage to
compare the FID value to the MDLMS is added. Its goal is to avoid

Table 1
Values of C_Gap and%_Gap defined in V1 algorithm.

FID preferred MS preferred

C_Gap (ppbv) 0.5 0.01
%_Gap (%) 20 1

misidentifications from the FID. Indeed, if the “FID value” is higher
than the MDLMS a peak should be detected with the specific ion on the
Mass Spectrometer. As this is not the case, the output is “Not detected”.
Otherwise, the FID result is selected. Finally, when both FID and MS
values are above their MDLs, they continue on to the next section de-
pending on whether the compound was calibrated with a certified gas
cylinder or not. It should be noted that for a compound that was not cal-
ibrated with a certified cylinder, the MDL was set to zero and could be
modified manually.

3.2. S2: comparison of the compounds calibrated with a certified gas
cylinder

If the compound was calibrated with a certified gas cylinder as de-
scribed in Section 2.3, this section of the algorithm was selected. It con-
sists of two steps. The first aims to avoid coelutions or misidentifica-
tions from the FID. This is performed by checking whether the FID and
MS values are equal to ± 50 %. If this is the case, the second stage com-
pares the recovery percentages at 4 ppbv calculated during the calibra-
tions tests to determine the most suitable detector.

The addition of this section allowed the instrument-dependent per-
formances to be taken into account.

3.3. S3: comparison of the compounds not calibrated with a certified gas
cylinder

In case where the compound wasn't calibrated with a certified gas
cylinder, the algorithm proceeds to Section 3. This section is present in
the newly developed algorithm to be able to quantify molecules with-
out gas standards, that are sometimes difficult to find, but chemically
close to a calibrated compound, or semi-quantified with the FID thanks
to the equivalent carbon number [38]. It therefore allows the user to
manually modify the “C_Gap value” if necessary. Its only stage corre-
sponds to the V1 version implemented in VistaMS software, i.e. selec-

Fig. 2. FlowChart of the newly developed comparison algorithm to select FID or MS result (V2).
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tion of the FID value if the difference with MS value is under a C_Gap
value chosen by the user.

4. Results and discussion

4.1. Results and comparison of the performance studies

In order to evaluate the suitability of the auto TD-GC-FID/MS to
quantify VOCs in ambient air, the performance studies were calculated
for 60 compounds. For this purpose, two certified standard mixtures
were used: PAMS 58 for alkanes and aromatic hydrocarbons, and TO-15
for OVOCs and halogenated compounds. Calibrations were performed
with six concentrations of standard gas, ranging from 0.5 to 10 ppbv.
The first concentration point at 0.5 ppbv was repeated 10 times for the
calculation of the MDLs and six replicates were done for the other
points to assess repeatability. Calibration curves of the detector re-
sponses versus the corresponding injected concentrations were plotted
for each compound. Linearities, LODs and accuracies for FID and MS
are given in Table 2 for the 4 families. Only the most common VOCs are
presented, but the performance result ranges of all 60 VOCs are re-
ported on the family rows (in bold).

The calibration curves were overall linear for both FID and MS in
the concentration range as the determination coefficients R² varied
from 0.9825 to 0.9999 for FID and 0.9850 and 0.9998 for MS. Three
calibration curves of α-pinene, benzene and methyl ethyl ketone (MEK)
are shown in Fig. S2 for FID and MS detectors. Linearities of α-pinene
and benzene were good both for FID and MS. It is important to note
that, except for the isopropyl alcohol which is a challenging compound
for GCs, the lowest R² of one detector can be compensated by the other.
For example, the R² of methyl ethyl ketone was 0.9899 for MS but was

0.9958 for FID. MDL and accuracy calculations were presented in
Section 2.3.

Detection limits were overall lower for FID (values between 0.006
and 0.618 ppbv and 58 % of them under 0.1 ppbv) than MS
(0.032–0.760 ppbv and 41 % under 0.1 ppbv), especially for alkanes
and aromatic hydrocarbons. The families with the highest limit of de-
tections were OVOCs and halogenated compounds both for FID and MS,
due to their poorer responses than alkanes and aromatics. Some oxy-
genated compounds have an asymmetrical peak shape with these types
of column leading to less intense signals with lower signal to noise ra-
tios. For example, the tailing factor of isopropyl alcohol and 1,4-
dioxane were 1.6 and 1.8, respectively (from 1 to 1.5 for gaussian
peaks).

Finally, accuracy was studied at 4 ppbv. The% recovery was consid-
ered acceptable when above 90 %. The FID was highly accurate for
non-coeluted alkanes and aromatic hydrocarbons as all of them were
over 90 % recovery. For the OVOCs and halogenated compounds, 56 %
and 85 % were above this limit, respectively. The poorest accuracy was
of 76.56 % for tetrachloromethane, a compound having a low response
with this detector, and a poor separation with benzene. For the MS,
85 % of the compounds had an accuracy above 90 %. The most chal-
lenging compounds remained the OVOCs as 25 % of them were under
this limit.

The study of the performances of each detector showed their ability
and complementarity to monitor these VOCs in ambient air.

4.2. Test of automatic data analysis for calibration data

In order to verify the ability of the two versions of comparison algo-
rithms, they were first tested with calibration data at 4 ppbv. The objec-

Table 2
FID and MS determination coefficients, detection limits (ppbv), and accuracies at 4 ppbv of 4 families of VOCs.
VOCs FID Detection MS detection

Determination coefficient (R²) LOD (ppbv) Accuracy at Determination coefficient (R²) LOD (ppbv) Accuracy at

4 ppbv (%recovery) 4 ppbv (%recovery)

Alkanes 0.9955 - 0.9999 0.012 - 0.053 95.76 - 99.99 0.9925 - 0.9997 0.032 - 0.197 84.25 - 99.75
cyclohexane 0.9997 0.024 98.01 0.9977 0.197 98.25
n-heptane 0.9995 0.053 98.42 0.9973 0.04 84.25
n-octane Coeluted - - 0.9989 0.117 98.01
α-pinene 0.9996 0.023 96.51 0.9996 0.032 98.25
n-decane 0.9998 0.012 99.99 0.998 0.086 98.25
Aromatic hydrocarbons 0.9838 - 0.9999 0.006 - 0.124 91.27 - 99.75 0.9924 - 0.9995 0.018 - 0.092 91.27 - 99.99
benzene 0.9998 0.019 99 0.9991 0.018 95.26
toluene 0.9981 0.018 99.75 0.9924 0.026 98.75
ethyl-benzene 0.9999 0.012 98.5 0.999 0.043 99.75
m&p-xylenes 0.9999 0.017 98.63 0.9906 0.057 93.25
styrene 0.9999 0.006 99 0.9991 0.092 98.25
o-xylene 0.9997 0.054 99.02 0.9995 0.054 92.77
1,3,5-timethylbenzene 0.9981 0.016 95.26 0.9962 0.082 92.02
1,2,4-trimethylbenzene 0.9999 0.029 98.75 0.9982 0.04 91.27
1,2,3-trimethylbenzene 0.9838 0.104 91.27 0.9941 0.046 94.76
OVOCs 0.9834 - 0.9999 0.065 - 0.325 84.71 - 97.51 0.9871 - 0.9995 0.068 - 0.760 80.23 - 99.27
acrolein 0.9992 0.093 97.51 0.999 0.277 98.25
acetone 0.996 0.065 91.77 0.9995 0.153 97.76
isopropyl alcohol 0.9834 0.13 85.04 0.9871 0.404 92.13
methyl tert‑butyl ether Coeluted - - 0.9994 0.216 97.91
vinyl acetate Coeluted - - 0.9993 0.431 99.27
methyl ethyl ketone 0.9958 0.124 86.28 0.9899 0.068 80.23
Halogenated compounds 0.9825 - 0.9999 0.080 - 0.618 76.56 - 99.69 0.9850 - 0.9998 0.098 - 0.345 81.39 - 99.99
dichloromethane 0.9997 0.114 93.52 0.9992 0.153 95.76
1,1-dichloroethane Coeluted - - 0.9992 0.098 96.51
chloroforme Coeluted - - 0.9965 0.108 96.01
1,2-dichloroethane 0.9998 0.148 96.51 0.9995 0.157 95.51
1,1,1-trichloroethane 0.9991 0.08 95.01 0.9923 0.237 91.52
tetrachloromethane 0.9825 0.618 76.56 0.9973 0.345 95.51
tetrachloroethene Coeluted - - 0.992 0.258 91.64
1,2-dichlorobenzene 0.9999 0.277 96.52 0.9991 0.323 93.52
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tive was to study their capability to deliver the most accurate validated
data between FID and MS detections. To do so, these data were fed into
the VistaMS algorithm (V1) and the Matlab algorithm (V2) described in
Section 3. The validated data corresponding to the selected value of FID
or MS, were then compared with the injected concentrations. As an ex-
ample,

Table 3 shows the results of benzene, α-pinene, methyl tert‑butyl
ether (MTBE) and tetrachloromethane given by FID, MS, V1 and V2.
For benzene and tetrachloromethane, by selecting FID and MS re-
spectively, both V1 and V2 algorithms chose the result closest to the
injected concentration. As MTBE was a coeluted compound in FID,
the algorithms succeeded in selecting the MS value as validated data.
However, V1 and V2 did not obtain the same result for α-pinene. The
difference is that V1 only studies the difference between FID and MS
(lower than C_Gap or%_Gap values here, so FID value was selected)
whereas V2 is designed to select the validated data from the calibra-
tion results, i.e. MS. In both cases, the concentrations selected were
acceptable as they are included in the measurement uncertainties.

Fig. 3a shows the average percent recoveries calculated with FID,
MS, V1 and V2 results for different families of VOCs. As shown in the
figure, the FID alone suffers from certain coelutions leading to a lower
recovery. The percent recoveries of V1 and V2 algorithms showed their
ability to deliver reliable results. Both algorithms selected nearly equal
proportions of FID and MS (Fig. 3b). However, V2 benefits from its im-
proved capacity to select the more accurate detector.

Table 3
Results of 4 VOCs quantification using FID and MS detections and V1 and V2
validated data compared to the injected concentration.

Injected
concentration
(ppbv)

FID value
(ppbv)

MS
value
(ppbv)

V1
(ppbv)

V2
(ppbv)

benzene 4.0 ± 0.4 4.0 3.8 4.0 4.0
α-pinene 4.0 ± 0.4 4.2 4.1 4.2 4.1
methyl tert‑butyl

ether
4.0 ± 0.4 Not

detected
3.9 3.9 3.9

tetrachloromethane 4.0 ± 0.4 3.1 3.8 3.8 3.8

4.3. Automatic data analysis of indoor air monitoring

Indoor VOC measurements were used to challenge the V1 and V2 al-
gorithms at levels close to calibration tests. In Fig. 4a, the higher con-
centrations of VOCs obtained during 24 h are plotted. Different families
were analyzed at significant levels such as terpenes, OVOCs and aro-
matics. The main compound was α-pinene with an average concentra-
tion of 3 ppbv. As shown in the Fig. 4a, V1 and V2 selected broadly the
same concentrations for the major compounds.

Only the results for α-pinene differ significantly. The FID was se-
lected by V1 as they were considered close enough by the algorithm.
For V2, it was the MS that was selected based on the accuracy tests dur-
ing calibration (Table 2). The relative deviation between V1 and V2 for
this compound averaged <10 %, meaning both results were accept-
able.

For the main compounds, whose concentrations are those typically
found in indoor air, both V1 and V2 algorithms were able to automati-
cally deliver reliable concentrations. Nevertheless, between all the
compounds selected by V1 and V2, the total VOCs concentration is
12 % lower for the latter. This variation was due to all the compounds
under the limit of detection not selected by V2.

4.4. Automatic data analysis of outdoor air monitoring

Next, the algorithms were tested against data from an outdoor mea-
surement campaign (as described in Section 2.5) where VOCs were pre-
sent at lower levels (low ppbvs to pptvs). The results of the main com-
pounds detected by the system and selected by the algorithms are pre-
sented in Fig. 4b. As expected, biogenic VOCs such as monoterpenes (α-
pinene, β-pinene) and OVOCs (acetone, methyl vinyl ketone) were iden-
tified and quantified, as well as aromatic hydrocarbons (benzene and
toluene) from urban plumes. Low levels of VOCs were detected and the
concentrations of the main compounds obtained with the first and sec-
ond versions of automatic reprocessing differed by <10 %. However,
the α-pinene profile appeared to vary slightly between V1 and V2 vali-
dated data. The variation was due to the difference in the choice of de-
tector, FID for V1 and MS for V2. Although this variation does not have
a significant impact on the quantification of α-pinene, V2 is more ap-

Fig. 3. Mean percent recoveries of FID, MS, V1 and V2 for different VOC families (a), and proportions of FID and MS selected by V1 and V2 (b) during calibra-
tion at 4 ppbv. Error bars represent the%recoveries minimum and maximum (0 % corresponds to not-detected compounds).
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Fig. 4. Diurnal concentration profiles of the major VOCs detected during indoor (a) and outdoor (b) measurement campaigns. Dashed lines and open markers are the
results selected by V1 and solid lines and filled marker by V2.

propriate as the MS values are more accurate for this compound (see
Table 2).

As shown in Fig. 4b, the toluene concentration at 19:00 UTC be-
tween V1 and V2 reveals a significant disagreement, highlighting that
the algorithms did not select the same detector. In Fig. 5, the FID, MS
and the resulting validated data of toluene profile are presented for V1
and V2. This figure shows that V1 only selected the FID whereas V2
opted for the MS for this result. As the campaign site was located in a
suburban forest affected by urban air masses passing through the field
throughout the day, toluene is going to be observed in the surrounding
area. It is therefore difficult to perceive of a meteorological or chemical
mechanism by which its concentration could be suddenly reduced to

Fig. 5. Selection MS and FID value that V1 and V2 made for the toluene
throughout the day. MS result is represented in green circles, FID in blue trian-
gles and V1 and V2 in violet dashed and solid lines respectively.

close to zero ppb as depicted in the V1 analysis. To explain this dis-
agreement, FID and MS chromatograms of toluene at 19:00 UTC are
shown in Fig. S3. The FID misidentified the compound because an issue
with the baseline occurred. As the V2 algorithm is designed to verify if
the FID and MS results are close enough to be compared, it was able to
identify that FID result was wrong in this specific case. This problem oc-
curred in 93 out to 900 chromatograms during this outdoor campaign,
where the ambient conditions varied considerably.

4.5. Comparison between manual and automatic reprocessing

To evaluate the robustness of each algorithm, the average automatic
results of 24 h indoor and outdoor measurements were compared with
manual treatment. Manual reprocessing, requires experience and train-
ing and may introduce significant human error into this analytical step
if done by an inexperienced operator. Furthermore, manual treatment
is a time consuming process. For example, data reprocessing of a
monthly campaign could take at least two weeks of work.

As shown in Fig. 6, both automatic algorithms were overall in good
agreement with manual data processing. Nevertheless, the V1 auto-
matic data treatment (Fig. 6a and c) showed poorer correlation than V2
(Fig. 6b and d) with correlation coefficients (R²) of 0.8914 and 0.9686
for outdoor and indoor campaigns respectively whereas R² exceeds 0.99
for V2. This can be explained by the fact that V1 does not take into ac-
count the MDL of the compounds. Therefore, the noise was wrongly in-
tegrated and identified as a compound, especially for halogenated com-
pounds. For both algorithms, low VOC concentrations presented the
biggest challenge, with V1 outdoor and indoor integrations showing
significantly more disagreement than V2 (see Fig. 6a). These plots show
that, although both V1 and V2 were suitable to automatically analyze
compounds with concentrations over 0.5 ppb, for the misidentifications
of substances under 0.1 ppbv, the first section of V2 algorithm compar-
ing the detections limits was essential to increase its reliability.

5. Conclusion

In this work, an on-line auto TD-GC with dual detection FID and MS
for the monitoring of VOCs was evaluated. The performance studies of
both detectors for the quantification of 60 VOCs showed linear regres-
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Fig. 6. Scatter plots of V1 and V2 automatic reprocessing versus manual treatment of outdoor (a and b) and indoor (c and d) day measurements. Each circle repre-
sents the averaged concentration of each compound detected and are classed by color depending on their family. The red lines correspond to the linear regression
fits of the data and the black line the 1:1 relationship.

sions, with 55 % of method detection limits under 0.1 ppbv (FID and
MS) and acceptable accuracies (between 77 % and 100 %). The com-
plementarity of each detector was also highlighted, demonstrating the
benefits of dual detection.

To save time during data analysis, two different algorithms were de-
veloped to select automatically between the FID and MS results. As ro-
bustness and reproducibility of data analysis is often one of the major
challenges in the field, two measurement campaigns with different
measured concentration levels (in indoor and outdoor air) were used to
evaluate the effectiveness of each algorithm during real case scenarios.
The V1 algorithm, proved sufficient to analyze data at ppbv levels but
was limited under 0.5 ppbv. As the second version V2 takes into ac-
count the method detection limits of each detector, it was found to be
more suitable to analyze the low concentration levels often encoun-
tered under field conditions. Moreover, this algorithm is fed by the per-
formance studies of the calibrated compounds, which enhanced its reli-

ability. Furthermore, V1 used two parameters (C_Gap values and%_Gap
values) chosen by the user which could also lead to added inaccuracies.

Version 2 of the algorithm is a significant improvement in automatic
data processing, particularly for field campaigns where >1000 chro-
matograms are acquired per month. An extension of this work will fo-
cus on the automatic evaluation of the uncertainties associated with the
sections of the algorithm.

Finally, a lot of challenges are encountered when measuring VOCs
under field conditions, particularly data processing time, and it is antic-
ipated that algorithms of this type that exploit the complementarity of
multi-analytical methods will be of utility in other dual-detector sys-
tems or, more widely, for a campaign deploying different instruments
where they are sufficiently calibrated.
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