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Abstract

On-site analysis of volatile organic compounds (VOCs) with miniaturized gas chromatography—mass spectrometry (GC-MS)
systems is a very rapidly developing field of application. While, on the one hand, major technological advances are improv-
ing the availability of these systems on the market, on the other hand, systematic studies to assess the performance of such
instruments are still lacking. To fill this gap, we compared three portable GC-MS devices to a state-of-the-art benchtop
(stationary) system for analysis of a standard mixture of 18 VOCs. We systematically compared analytical parameters such
as the sensitivity and similarity of the signal response pattern and the quality of the obtained mass spectra. We found that the
investigated mobile instruments (i) showed different response profiles with a generally lower number of identified analytes.
Also, (ii) mass spectral reproducibility (% relative standard deviation (RSD) of the relative abundance of selective fragments)
was generally worse in the mobile devices (mean RSD for all targeted fragments ~9.7% vs. ~3.5% in the stationary system).
Furthermore, mobile devices (iii) showed a poorer mass spectral similarity to commercial reference library spectra (>20%
deviation of fragment ion relative intensity vs.~10% in the stationary GC-MS), suggesting a less reliable identification of
analytes by library search. Indeed, (iv) the performance was better with higher-mass and/or more abundant fragments, which
should be considered to improve the results of library searches for substance identification. Finally, (v) the estimation of
the signal-to-noise ratio (S/N) in mobile instruments as a measure of sensitivity revealed a significantly lower performance
compared to the benchtop lab equipment (with a ratio among medians of ~8 times lower). Overall, our study reveals not only a
poor signal-to-noise ratio and poor reproducibility of the data obtained from mobile instruments, but also unfavorable results
with respect to a reliable identification of substances when they are applied for complex mixtures of volatiles.

Keywords Portable devices - Point-of-care mass spectrometry - Thermal desorption—gas chromatography - Complex VOC
analysis - Analytical performance

Introduction

Besides quantitative information, mass spectrometry
(MS) generates more structural information than many
other analytical techniques [1]. The coupling with power-
ful separation methods such as gas chromatography (GC)
substantially improves selectivity even further and allows
for analysis with very low detection limits (e.g., for sample
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amounts in the pg range by capillary GC-MS in bench-
top instruments) [2]. Thus, GC-MS still is the method of
choice for highly complex samples of sufficient volatil-
ity due to its superior selectivity and sensitivity [3]. Its
implementation is therefore particularly desirable when
rapid and highly accurate iden ification of substances is
especially important [4], such as mobile analytics.

In time-critical incidents, on-site applications can-
not rely on prompt confirmation of results by reference
methods [5]. Therefore, mobile analytics in particular
requires valid analytical platforms not only providing fast
and accurate multi-selective analyses [6], but also ena-
bling easy automation and continuous operation with low
maintenance effort [7]. Given the adverse effects of sev-
eral volatile organic compounds (VOCs) on health and
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survival of many species including humans (e.g., [8])
and the vast number of possible emission sources in our
environment, method development in mobile analytics
increasingly focuses on the simultaneous analysis of vari-
ous compounds [9].

Indeed, effective VOC analysis with mobile MS is an
important and fast-growing field of research. The advan-
tages of miniaturized systems for on-site applications over
laboratory-scale instrumentation are obvious: apart from
the immediate availability of the results, analysis con-
sumes very little sample and essential resources, result-
ing in an ecologically sustainable operation saving energy
and raw materials. In addition, these kinds of devices also
allow a remote, spatial assessment of many, including
inhospitable, environments. Currently, several field-port-
able GC-MS instruments are commercially available with
a wide range of capabilities and limitations [5, 6, 10, 11].

Given the great capacity for detection and identification
of chemicals [6], GC-MS has been implemented in port-
able instruments for different purposes, such as (i) mitiga-
tion and safety management assessment (e.g., analysis of
chemical warfare agents: [12, 13, —15]), (ii) environmental
monitoring (e.g., determination of chlorinated VOCs [16]
or munition constituents [17]), (iii) forensic investigations
[18], and (iv) in chemical ecology (e.g., for identification
of scent components in mammals [5, 10, 19] or volatiles
in plants [20, 21]). More recently, portable GC-MS with
either thermal desorption (TD) or solid-phase microex-
traction (SPME) has also been proposed for sampling and
analysis of VOCs in human breath [22], as a potential
alternative to improve the ability to detect diseases such as
COVID-19 infections through potential biomarkers [23].

While many groundbreaking technological develop-
ments have advanced laboratory-scale instrumentation at all
stages of analysis from sample preparation to sophisticated
tools for processing and evaluation, advances in portable
GC-MS systems still seem insufficient [24]. Thus, several
problems in compound quantification occurred with both,
the probe-type [19, 25] and thermal desorption inlets, not
always reaching even the minimal requirements of standard
procedures for analytical determinations [15, 24]. In studies
with individual instruments, a low sensitivity was reported;
for instance, for several compounds, the lower limit of quan-
tification could not compete with a GC-MS benchtop instru-
ment [19]. In another study, 13 VOCs also showed higher
limits of detection (LOD, in the range of low ppb and ng)
with poor accuracy among different portable devices com-
pared to the stationary instrument, e.g., LOD for heptane,
1.19 ppb vs. 0.03 ppb, respectively [14]. Similarly, the analy-
sis of the toxic compound 2,6-dimethylphenol in a portable
GC-MS resulted in a higher limit of detection of 7 ppm by
direct injection of a liquid solution compared to 1.4 ppm
in a benchtop instrument, showing that the sensitivity of
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the conventional device outperformed the portable device
by approximately 5 times [15]. Indeed, due to these differ-
ences, comparisons among instruments for the establishment
of sensitivity standards have been requested [20]. In addi-
tion, analysis was further hampered by poor precision (e.g.,
normalized relative standard deviation, RSD across portable
devices was between 18 and 42% compared to < 12% with a
benchtop system [14]) and low recoveries (e.g., 31 +21% by
external calibration [24]), requiring different normalization
respectively evaluation strategies to improve the reliability
of quantitative determinations. For instance, the applica-
tion of isotopically labeled calibration standards pre-loaded
onto TD tubes showed better compensated recoveries with
lower deviations, above 90 + 10% [24]. Therefore, it still
takes highly experienced personnel to critically evaluate
and process the data obtained with portable TD/GC-MS
instruments [6]. Another important shortcoming is the need
for widely available standard databases for compound iden-
tification in the field [20] and for compound analysis in the
background of a complex sample matrix requiring highly
selective protocols.

For successful application in the field, portable GC-MS
needs to be fi for the purpose; a reliable analysis of VOCs
becomes only possible by knowing and dealing with the
limitations of each instrument [26]. Within this context, we
assessed the performance of three commercially available
portable GC-MS devices compared to a standard bench-
top instrument: (i) the E2M with a thermal desorption (TD)
unit (Bruker), (ii) the Hapsite ER with a TD unit (Inficon),
and (iii) the Torion T-9 with a solid-phase microextraction
(SPME) inlet (PerkinElmer). From now on, these portable
GC-MS instruments will be referred to herein as “MobE”
(i), “MobH” (ii), and “MobT” (iii), respectively, and the
conventional TD/GC-MS instrument as “Stationary.” We
analyzed a complex standard mixture of VOCs to identify
performance limits of these devices hampering high-quality
measurements, and to suggest how to improve the quality of
on-site GC-MS analysis of organic compounds in unknown
volatile profiles.

Experimental
Materials and chemicals

Empty and pre-cleaned thermal desorption (TD) glass tubes
(6.35 mm O.D. x 89 mm length) and Tenax TA Porous Poly-
mer (Tenax TA, 60-80 mesh) were purchased from Supelco/
Sigma-Aldrich (Taufkirchen, Germany) and assembled in-
house as described before [27], following the guidelines of
the U.S. Environmental Protection Agency (EPA) in the
Compendium Method TO-17 Determination of Volatile
Organic Compounds in Ambient Air Using Active Sampling
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onto Sorbent Tubes [28]. Pre-assembled and larger TD tubes
(8 mm O.D. x 110 mm length) filled with Tenax TA (60-80
mesh) were purchased from Giinther Karl OHG (Gau-Alge-
sheim, Germany). For conditioning of standard tubes, a TD
Clean Cube unit (SIM Scientific Instruments Manufacturer
GmbH, Oberhausen, Germany) flushed with nitrogen from
a generator (Nitrox UHPLCMS 18 Domnick Hunter, Gates-
head, UK) was used. For larger tubes, a GC oven (disman-
tled from a 5890 GCMS, Agilent, Santa Clara, USA) was in-
house adapted for constant flow of nitrogen carrier gas and
aramped temperature program for conditioning. Exception-
ally, for the MobT, 65-um pre-conditioned PDMS-DVB fib-
ers assembled to a SPME syringe (PerkinElmer, Germany)
were used for sample introduction.

A microsyringe (Hamilton CO, USA) was used for load-
ing 1 uL of the liquid standard mixture onto the non-sam-
pling end of the thermal desorption tubes (two sizes) at a
nominal flow rate of 100 mL/min nitrogen and adjusted by
a CFC-14PM multichannel gas flow regulator for GC-14A
GC-MS (Shimadzu, Kyoto, Japan).

Methanol (solvent, HiPerSolv Chromanorm) was pur-
chased from VWR International S.A.S., USA. Acetone
p-a.>99.8% (SupraSolv® for GC-MS), diethylamine (for
synthesis), and xylene (o-xylene) were purchased from
VWR International GmbH (Darmstadt, Germany). Chloro-
form (for liquid chromatography), n-hexane (SupraSolv for
GC), and toluene (SupraSolv) were purchased from Merck
(Darmstadt, Germany). 2-butanol p.a. 99% was purchased
from Sigma-Aldrich (St. Louis, USA). Pyridine p.a.>99.8%
was purchased from Sigma-Aldrich (Taufkirchen, Ger-
many). Cyclohexane p.a.>99.9% was purchased from Carl
Roth GmbH & Co. KG (Karlsruhe, Germany). n-Nonane
was purchased from Promochem (Wesel, Germany). Phenol
was obtained from Novapex, Saint Maurice L’Exil, Cédex,
France. Pentafluorobenzene p.a. 98% was purchased from
Alfa Aesar GmbH & Co KG (Karlsruhe, Germany). Ani-
line p.a. 99.8% was purchased from Acros Organics — Fisher
Scientific GmbH (Schwerte, Germany). 4-Chlorophenol and
3,4-dichlorophenol were purchased from Riedel-de Héaen
(Seelze, Germany). 2,4,5-Trichlorophenol p.a.>99% was
purchased from Fluka (Neu-Ulm, Germany). Benzene and
1-hexanol were purchased from other vendors.

Preparation of volatile standard mixtures
and samples

The preparation protocol was adapted from the procedure
recommended by the U.S. Environmental Protection Agency
(EPA), Method 8260 C Volatile Organic Compounds by Gas
Chromatography/Mass Spectrometry (GC-MS) [29]. A liquid
standard mixture of 18 volatile compounds in methanol was
prepared for the evaluation of all devices. The composition of
the standard mixture accounted for a broad range of volatility

to cover a large elution range and the presence of several
chemical classes to mimic potential variability in unknown
samples. Stock solutions of authentic standards were pre-
pared at 100 mM by weighing and adding the pure standard
directly to the required volume of solvent. Afterwards, sec-
ondary dilutions were prepared to achieve mixtures of similar
concentration by mixing specific volumes of each standard
solution in methanol. Stock solutions and their corresponding
secondary dilutions were freshly prepared before each set of
experiments. Table 1 shows the composition of each standard
mixture at the concentration range used for all devices.

Due to the poor sensitivity for mobile devices obtained
in our first tests (data not shown), a high-level concentration
range was selected for the comparison, matching the highest
tested concentration of the linear range in the Stationary [27,
30]. Almost all compounds (except benzene and hexanol)
were already evaluated for adsorption to Tenax TA with
subsequent analysis by stationary TD/GC-MS in terms of
sensitivity (lower limits of quantitation, LLOQs), linearity,
reproducibility, relative recovery, and breakthrough values
in a range between 0.01 and ~ 250 ng/tube. Identical condi-
tions were used to prepare spiked TD tubes: 1 uL of the
corresponding serial dilution was injected into a constant
nitrogen flow of 100 mL/min to carry the analytes through
the sorbent bed of Tenax TA during 13 min of collection
time. For conditioning of standard thermal desorption tubes
(6.35 mm O.D. % 89 mm length), a TD Clean Cube unit (SIM
Scientific Instruments Manufacturer GmbH, Oberhausen,
Germany) was used flushed with nitrogen from a generator
(Nitrox UHPLCMS 18 Domnick Hunter, Gateshead, UK).
For larger thermal desorption tubes (8 mm O.D.x 110 mm
length), a GC oven (5890 GCMS, Agilent, Santa Clara,
USA) was adapted for heating under a ramped temperature
program and inert nitrogen gas flow.

Experimental design and instrumental parameters
of analysis on mobile TD/GC-MS instruments

Three mobile GC-MS devices were evaluated and com-
pared to a state-of-the-art benchtop stationary GC-MS,
labeled here as Stationary (TD-20 thermodesorber with
GC 2010 plus TQ8040 MS, Shimadzu, Kyoto, Japan).
The following models were used: (i) the E2M with a TD
unit (Bruker Daltonics GmbH, Leipzig, Germany), MobE;
(ii) the Hapsite ER with a TD unit (INFICON Holding
AG, Switzerland), MobH, and (iii) the Torion T-9 with an
SPME inlet (PerkinElmer, USA), MobT. The optimized
instrumental parameters for the comparison among the
devices are described in detail in the electronic supple-
mentary material (Supp. S.1).

Prior method optimization was required due to the
specific differences in the instrumental configuration of
each device including the introduction of the samples. In
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Table 1 Composition of the standard mixture (18 compounds) organized by elution order at high concentrations according to the specific upper
part of the linear range of the corresponding compound in the stationary device using Tenax TA, listed for each GC-MS device

No Compound Predicted b.p. [°C]*

Molecular
weight [g/mol]?

Concentration [mM per compound in solution] | [ng of
compound per tube]

Stationary® MobE MobH? MobT?

1 Propan-2-one 46+3 58
2 N-Ethylethanamine 57+8 73
3 Hexane 68+3 86
4 Butan-2-ol 97+3 74
5 Chloroform 61+8 119
6 1,2,3,4,5-Pentafluorobenzene 86+35 168
7 Benzene 19+7 78
8 Cyclohexane 81+0 84
9 Pyridine 115+0 79
10 Toluene 111+£3 92
11 Hexan-1-ol 158+3 102
12 1,2-Xylene 146 +10 106
13 Nonane 152+3 128
14 Aniline 184+0 93
15 Phenol 182+0 94
16 4-Chlorophenol 220+0 128
17 2,4,5-Trichlorophenol 255+35 197
18 3,4-Dichlorophenol 247 +20 163
Minimum

Maximum

1.0 56 0.9 51 1.0 56 1.0 -
0.9 66 0.9 68 0.9 66 0.9 -
1.0 85 0.9 75 1.0 85 1.0 -
1.0 72 0.9 69 1.0 72 1.0 -
0.9 111 0.9 110 0.9 111 0.9 -
0.8 141 1.0 166 0.8 141 0.8 -
1.0 79 1.0 78 1.0 79 1.0 -
1.0 84 0.8 68 1.0 84 1.0 -
1.0 78 1.0 75 1.0 78 1.0 -
1.0 90 1.0 92 1.0 90 1.0 -
1.0 105 1.0 100 1.0 105 1.0 -
1.0 105 0.9 96 1.0 105 1.0 -
0.9 117 0.9 121 0.9 117 0.9 -
1.0 93 1.0 91 1.0 93 1.0 -
1.0 89 1.0 92 1.0 89 1.0 -
0.9 120 1.0 131 0.9 120 0.9 -
1.0 188 1.0 205 1.0 188 1.0 -
1.0 170 1.1 174 1.0 170 1.0 -
0.8 56 0.8 51 0.8 56 0.8 -
1.0 188 1.1 205 1.0 188 1.0 -

Boiling points were retrieved in January 2020 from the public database SciFinder — CAS (SciFinder — CAS)

No. designated ID number for each compound, b.p. boiling point, — values not added for comparison because a different introduction device and

extraction methods were used

*Predicted boiling points at standard pressure (760 Torr) and monoisotopic molecular weights were retrieved from SciFinder — CAS

®Same solution for Stationary, MobH, and MobT

general, two introduction devices, TD and SPME, were
employed to test their suitability for analysis of complex
mixtures of VOCs in mobile GC-MS systems. TD was
selected since it ensures a known amount of sample to be
introduced to the analysis in comparison to probe sam-
pling. The sampling was based on the adsorption to a simi-
lar sorbent material across the instruments and subsequent
desorption by high temperature. For MobT, however, TD
was not available and SPME was used instead.

Stationary Analysis was carried out as described in previous
works [27, 30], summarized in the supplementary section
(Supp. S.1). Briefly, the standard-spiked TD tubes were des-
orbed at 250 °C and the compounds subsequently separated
by GC using a linear temperature gradient.

In addition, a GCMS-QP2010 system composed of a gas
chromatograph GC-2010 Plus coupled to a quadrupole mass
spectrometer (Shimadzu, Kyoto, Japan) was used as a sec-
ond non-mobile/lab-installed GC-MS device to estimate the
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reproducibility of the mass spectra under different vacuum
conditions only. The samples were introduced into the instru-
ment by a head space system HS-20 (Shimadzu, Kyoto, Japan)
by both trap and loop mode and labeled as “Stat HS-TM” and
“Stat HS-LM,” respectively. For further detail on the applied
instrumental parameters, refer to Supp. S.2, Table S.2.1.

MobE Chromatographic separation of fast-eluting com-
pounds was considerably improved by a low slope (5 K/
min) at the beginning of the temperature program. How-
ever, before reaching the highest temperature, faster ramp-
ing (10 K/min) successfully reduced the elution time of
the semi-volatile chlorinated phenols without consider-
ably changing the resolution (i.e., peak widths were barely
reduced) and intensity of the chromatographic peaks.

MobH Between two methods different by the starting tem-
peratures of membrane, valve oven and heated lines (120 °C
and 110 °C instead of 80 °C and 70 °C) and the thermal
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desorber (290 °C instead of 250 °C), the high-temperature
program was finally selected since it considerably improved
the molar response of most of the compounds along the
entire range of volatility, improving the signal response
of the semi-volatile chlorinated phenols and several early-
eluting compounds (very volatile compounds VVOCs), from
which the latter were probably lost due to potential adsorp-
tion during the transfer between the thermal desorber and the
chromatographic column with the low-temperature method.
Nevertheless, the high temperature method also enhanced
the signal response of the compounds eluting in the mid-
dle range of volatility, and even saturation occurred (i.e.,
1,2-xylene, nonane, phenol, and 4-chlorophenol).

Two additional portable devices of the same type as
MobH but different introduction devices and labeled accord-
ingly (i.e., MobH-SPME and MobH-Sample Probe) were
used only for estimation of mass spectral reproducibility at
different high vacuum pressures and applying the already
described high-temperature method without occurrence of
saturation (refer to Supp. S.2, Table S.2.1 for an extended
description of the applied instrumental parameters).

MobT A PDMS/DVB SPME syringe was used for sampling
the headspace (HS) of a closed glass vial of 9.1 mL total
volume, containing a specific volume of standard mixture
in methanol (spiked directly in the vial as in [31]), at vari-
able extraction times (0.5, 1, 5, and 30 min), desorption
times (5 and 30 s), and sample gas volumes (splitless, split
10:1 and 50:1), and hereafter labeled as MobT HS. Since the
extraction time for mixtures can be determined by the time
required for the slowest compound to reach the equilibrium
(equilibration time) [32], we tested different extraction times
but found no differences in the signal responses between
1 and 5 min for the slowest compound in our experiment
(1,2-xylene). With the largest extraction time at 30 min, we
did not detect any other compound with lower volatility or
slower than 1,2-xylene; thus, we used for this experiment
the lowest tested extraction time. In addition, the direct
immersion (DI) of the fiber into the standard solution for
0.5 min extraction time and 5 s desorption time was also
tested (denoted hereafter MobT DI) and resulted in a differ-
ent signal response profile with a larger number of identi-
fied compounds, especially the ones with lower volatility
and higher polarity (as expected from the direct immersion
extraction mode), such as the chlorinated phenols (supple-
mentary section, Supp. S.3). However, the data from MobT
(HS and DI) was used only for the comparison of mass spec-
tral reproducibility and similarity since different sampling
procedures should not result in a higher variance of mass
spectra themselves; it could not be applied for comparison of
the signal response pattern and signal-to-noise ratio (except
for searching trends).

Data evaluation

GCMS solution 4.20 software (Shimadzu, Kyoto, Japan)
was used for integration of the signals of all identified
compounds in three devices but not MobH, which raw data
could not be converted into a suitable data format. Instead,
a conversion tool of ER IQ software version 2.33 “.hps”
to “.csv” files (Inficon, Inc., Germany) was used to export
the total ion current (m/z 45-300, total scan number 1063).
Then, areas of selective mass traces in the extracted ion
chromatograms (XIC) were calculated manually as the
sum of areas over the retention time range between the
peak start and end of each identified analyte.

Four mass traces were chosen per analyte, i.e., one ion
used for quantitation (denoted as “quan ion” and labeled
as “m/z,”) and three identity-confirming selective (“quali-
fier”) ions, labeled as “m/z,,” “m/z;,” and “m/z,” (Supp.
S.4) and organized by descending relative abundance
in the mass spectrum. Relative abundances of selective
mass traces of standard spectra were retrieved from the
MAINLIB of the NIST/EPA/NIH 14 mass spectral library
(National Institute of Standards and Technology, Gaithers-
burg, MD, USA). Data normalization and most calcula-
tions were performed using Microsoft Excel 365 (Micro-
soft Corp., Redmont, USA).

Data normal on

A great challenge in comparing such different instrumenta-
tion and raw data was to find the most appropriate method-
ology for analysis and strategies of data normalization. We
developed different normalization strategies depending on
the analytical parameter to be evaluated. Thus, for response
pattern comparison, data was maximum-normalized to the
most abundant signal among all compounds within a chro-
matogram to unify a scaling over different orders of mag-
nitudes for absolute intensity among devices. Normaliza-
tion of the abundance of selective ions to the quan ion was
employed to assess the mass spectral precision in terms of
reproducibility of the mass spectral pattern. Finally, nor-
malization of fragment intensity to the corresponding value
in the NIST reference spectrum was employed to assess the
accuracy of the obtained spectra, denoted as mass spectral
similarity.

Maximum normalization, i.e., division of each quan ion
area (m/z; of each compound of each replicate) by the mean
area of replicate analysis of the guan ion of the most abundant
signal among all compounds from given data set of each indi-
vidual instrument (i.e., the most intense analyte signal from
the standard mix detected with a particular instrument equals
1 or 100%, respectively), brought each signal response pattern
to scale for convenient comparison among devices (labeled as
“maximum-normalized response’). Maximum normalization

@ Springer


Birkemeyer
Notiz
Subtitle to "data evaluation"


Marcillo A. et al.

was also applied to compare the fragment ion abundances
across all analytes measured with a particular instrument. For
this, the height of the chromatographic peak apex of each
ion was divided by the one with the largest height across all
compounds detected with a particular instrument.

Normalization to the quan ion (m/z;) was applied to
eliminate the differences in absolute intensity of quan and
identity-confirming ions among devices and replicates (a
common way to present EI spectra using the relative ion
abundance after normalization to the highest, “base” peak
of a given spectrum), to assess the variability in the rela-
tive abundance of each selective mass trace in a mass spec-
trum, i.e., the reproducibility of the fragment pattern (mass
spectral reproducibility). For this purpose, the height of the
chromatographic peak at the apex of each selective ion (three
qualifier and one guan ion per analyte and replicate) of a
given analyte was normalized to the height of the base peak
at the apex (quan ion, m/z;) expressed in percentage (labeled
as “relative abundance”). The relative standard deviation (%
RSD) was calculated from the resulting relative abundances
for all replicate analyses (per ion, analyte, and device).

Normalization to the corresponding reference value was
applied to estimate how well the relative abundance of each
selective mass trace matches the fragment pattern of the ref-
erence mass spectrum from the MAINLIB of the NIST/EPA/
NIH 14 mass spectral library. Therefore, the “relative abun-
dances” (as calculated before for mass spectral reproducibil-
ity) were related to the corresponding relative abundance of
the same fragment (division of the observed by the expected
value of the same fragment in the reference spectrum), and
finally labeled as “normalized ratio.” In addition, the “nor-
malized ratio” minus one was labeled as the “absolute error”
and expressed in percentage. For library search, the mass
spectrum is normally calculated from selected regions of
the chromatographic peak, e.g., as average spectrum around
the apex, eventually followed by background subtraction.
Here, the reproducibility of the mass spectra was estimated
through the height of the chromatographic peak (i.e., inten-
sity at the peak apex minus the noise) as an equivalent to
a background-subtracted MS at the apex. This let us avoid
the contribution to the variance of poorly resolved peaks,
asymmetry and coelution for some of the detected analytes.
Since for MobH, the conversion of the raw data was not
feasible, reproducibility and similarity of the mass spectra
were estimated through the intensity of the scan at the apex
of the peak, except on those saturated peaks, on which a scan
free of saturation was chosen.

Calculation of the sianal-to-noise ratio (S/N)
for the analyzed ¢ in sounds

The signal-to-noise ratio (S/N) for each instrument was esti-
mated by automatic computing using the GCMS solution
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4.20 software (Shimadzu, Kyoto, Japan) of the Stationary
to ensure an accurate comparison. (Note that MobH was
excluded since the data could not be reasonably exported
from the acquisition software.) According to the supplier’s
specifications [33], the signal level was calculated through
the difference between the maximum intensity within the
peak detection time range (signal range) and the average
intensity corresponding to the noise detection range (noise
range). The root-mean-square (RMS) method was used for
calculation. The noise was obtained as the standard deviation
of the single signals identified in a noise range of 1.5 min
(approximately 10 times the peak width, e.g., for 1,2-xylene
in the stationary system). For MobE and MobT, the noise
ranges were similarly set according to the performance of
1,2-xylene: 1.5 min (1.5 times the peak width) and 0.3 min
(around 10 times the peak width), respectively. A noise
range of 10 times the peak width for MobE was not feasible
due to rather broad peaks; therefore, the S/N was tested along
all the integration time range (the maximal possible value
of 3 times the peak width) with no differences in the corre-
sponding values. S/N was calculated for four selective mass
traces of each compound identified in analyses from the Sta-
tionary, MobE, and MobT. For Stationary and MobE only,
analytes (11,5 = 13) identified with both instruments were
considered for comparison between each other; in addition,
2,4,5-trichlorophenol and 3,4-dichlorophenol were excluded
due to bad reproducibility on MobE.

Statist cal analysis

Statistical analysis was carried out using the software R (ver-
sion 4.0.3) [34], and the ggplot2 package [35] was used for
data plotting. We assessed differences of our results regard-
ing (i) the signal response pattern of the maximum-normal-
ized response of all detected analytes across the instruments,
(ii) the mass spectral reproducibility as % RSD of the rela-
tive abundance of each target ion in replicate analyses, (iii)
the mass spectral similarity as the % absolute error against
the reference value in the commercial mass spectral library
NIST14, and (iv) the sensitivity as the signal-to-noise ratio
(8/N) of quan and/or confirming ions. Statistical analyses for
the comparison were the following:

(1) A series of non-parametric Mann—Whitney U tests
between each portable device and the reference sys-
tem was applied for the following variables: % RSD,
% absolute error, and S/N, to achieve a general com-
parison of the different GC-MS devices (refer to “Gen-
eral performance of the different GC-MS devices for
VOC analysis™). As a result, the mean of each variable,
the corresponding standard error, and the significance
(defined as p value <0.05) are presented in Table 2. No
normalization was required for this analysis.
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(2) An ANOVA was used to test the effect of the boil-
ing point on the maximum-normalized response for
each device (Stationary, MobE, and MobH; refer to
“Signal response patterns of the VOC standard mixture
after TD/GC-MS analysis differ between the evaluated
instruments”). The tabulated results can be found in
the supplementary section (Supp. S.5).

Ordinary least squares regression analysis was used to eval-
uate the effect of the explanatory variables: (i) m/z (=mass)
of the fragment, (ii) a fragment’s abundance as the height
of the peak at the apex of each ion was divided by the one
with the largest height across all compounds detected with
a particular instrument, and their interaction on the follow-
ing response variables: (i) % RSD (refer to “Mobile instru-
ments exhibit a poorer mass spectral reproducibility”); (i) %
absolute error (refer to “Mobile instruments exhibit a poorer
mass spectral similarity for identification with mass spec-
tral libraries™); and (iii) S/N (refer to results section “Mobile
instruments exhibit a lower sensitivity”) for each instrument
individually. Normal distribution of each log-transformed
variable was tested with a Lilliefors (Kolmogorov—Smirnov)
normality test, and the results showed normal distribution in
all cases (p value > 0.05). Results from the regression analysis
are presented in terms of intercept (), slope (i), and signifi-
cance (defined as p value <0.05) in the supplementary section
(Supp. S.6).

Table 2 General comparison of each portable device, MobE, MobH,
and MobT, to the reference (Stationary) in terms of mass spectral
reproducibility (% RSD of the relative abundance in replicate analysis
per selective ion), mass spectral similarity (% absolute error: abso-
lute value of the “normalized ratio” minus one and expressed in per-

Results and discussion

General performance of the different GC-MS
devices for VOC analysis

Using a series of non-parametric Mann—Whitney U tests,
significant differences were found for mean values of mass
spectral reproducibility, mass spectral similarity, and sig-
nal-to-noise ratio (as a measure of sensitivity) between
each portable device (MobE, MobH, and MobT) and the
reference system (Stationary), indicating a limited perfor-
mance for analysis of complex volatile profiles. The results
are presented in Table 2.

Mass spectral reproducibility was significantly worse
for MobE and MobT (both p values <0.001) but less for
MobH (p value =0.07) in comparison to the Stationary;
i.e., mass spectra obtained from the conventional GC-MS
were more reproducible (lower % RSD) than from any
of the evaluated portable instruments independent of
the mass analyzer (quadrupole or toroidal ion trap) and/
or introduction device (thermal desorption or SPME). In
addition, mass spectral similarity with the NIST reference
library was also significantly lower with two out of three
portable devices with different mass analyzers, MobH
and MobT, and, interestingly, the mass spectral match of
selective fragments in MobE was only marginally lower
(p value =0.053) than that of the Stationary. Both results

centage), and signal-to-noise ratio (S/N per selective ion by RMS).
A series of non-parametric Mann—Whitney U tests reported signifi-
cant differences between each portable device (mean =+ standard error
(SE)) and the reference system (mean + SE), labelled in bold. Signifi-
cance was defined as p value <0.05

Analytical parameter Unit of measure Parameter Stationary ~ MobE MobH MobT
Mass spectral reproducibility % RSD (observed relative Mean+SE 35+04 109+15 53+09 12.6+13
abundance in replicate p value - <0.001 0.07 <0.001
measurements) (Manatgtes Mions Mampie) (17,50,7) (13,36,3) (15,41,9) (6, 18, 17)", (9, 27, 2)¢
Mass spectral similarity % absolute error Mean +SE 21.6+43  235+33 37.6+6.9 382+45
p value - 0.053 <0.01 <0.001
(Manatytes Tions Msample) (17,49, 7)  (13,33,3) (15,37,9) (6, 18, 17)°, (9, 27, 2)°
Sensitivity (Signal/noise by RMS Mean +SE 63402320 119+26 na? 556+ 135"
method) p value - <0.001 <0.001
(Manatytes Mions Msampte) (11,44, 7) (11, 36, 3) (5,20, 17), (7, 28, 2)4

For further details related to ¢ and d, refer to “Experimental design and instrumental parameters of analysis on mobile TD/GC-MS instruments”

and Supp. S.1

number of identified analytes, n,

nanalyte ion

able

number of selective ions from all identified analytes, n

sample NUMber of replicates, n.a. values not avail-

4S/N could not be estimated by using GC-MS solution software as for the other instruments

bS/N values for MobT cannot be compared because a different injection system and sorbent material were used
‘Detected compounds using HS-SPME with a PDMS-DVB fiber, MobT HS

4Detected compounds using DI-SPME with a PDMS-DVB fiber, MobT DI
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imply that the qualitative (mass spectral comparison with
MAINLIB of the NIST/EPA/NIH library) and quantitative
analyses by selective mass traces seem not yet to keep up
with the state of the art of modern GC-MS.

Furthermore, the S/N showed considerably lower mean
values for the portable TD/GC-MS systems compared to
the reference instrument, which suggests a limited sensitiv-
ity of mobile devices in the analysis of complex VOC mix-
tures. (Note that as already mentioned in experimental sec-
tion “Experimental design and instrumental parameters of
analysis on mobile TD/GC-MS instruments”, S/N values for
MobT could not be compared because of a different injec-
tion system and sorbent material, which might well change
the recovery of compounds and the sorbent background.)
Therefore, in the following, we searched our data in more
detail for possible determinants of the lower performance of
the portable instruments.

Detailed performance differences
between stationary and mobile instruments

Signal response patterns of the VOC standard mixture
after TD/GC-MS analysis differ between the evaluated
instruments

Figure 1 shows the profile of signal responses after TD/
GC-MS analysis of the VOC standard mix with the Stationary
(reference) compared to the two portable quadrupole instru-
ments, MobE and MobH. Analytes are organized by elution
order in the Stationary after normalization of each quan ion

16
14
12
1.0
0.8

response

0.6
0.4

Maximum-normalized

0.2

0.0

(m/z;) to the mean area of the most abundant quan ion among
all analyzed compounds (maximum normalization).

The response pattern from the Stationary seems more
similar to MobE, while MobH had a lower molar response
for the early-eluting compounds. Moreover, considerable dif-
ferences in the number of identified analytes (7)) Were
found among instruments: 17 (ngppie=7), 13 (Ngmpie =3),
and 15 (ngpp.=9) out of 18 compounds in the standard
mixture for the Stationary, MobE, and MobH, respectively.
The largest number of analytes was recovered with the con-
ventional device; indeed, the lower performance of portable
GC-MS devices was expected since preliminary experi-
ments with these instruments (not shown) already indicated
several problems in the recovery of very volatile organic
compounds (VVOCs and VOCs), most likely related with
coelution and peak broadening. Also, other studies have
shown a lower number of identified compounds with MobE
and MobH (e.g., [5, 19]) in gaseous samples compared to
stationary devices. Unfortunately, different stationary and
mobile phases (column dimensions and materials, and vari-
ous carrier gases; see Supp. S.1) tightly configured with the
commercial mobile devices could not be changed to improve
chromatographic separation or enable a complete orthogonal
comparison, and it cannot be excluded that the variability
in the resulting compound profiles might at least partly be
related to these differences in the chromatographic system. A
more flexible instrument configuration and the availability of
more stationary phases would not only improve the compa-
rability between instruments but also allow for optimization
of chromatographic resolution.

Stationary

MobE

Analytes by elution order

Fig. 1 Maximum-normalized response of the standard mixture of
18 compounds (for identification of labeled numbers and further
details on detected compounds, refer to Table 1 and Supp. S.4) ana-
lyzed on TD/GC-MS Stationary and mobile devices. The integrated
areas (each replicate) from the quan ion (m/z;) of all identified ana-
lytes in the standard mixture were normalized to the mean area of the
quan ion with the maximum value among all compounds (labeled
as “maximum-normalized response”). 1,2-Xylene (12), toluene (10),
and 3,4-dichlorophenol (18) were used for maximum normalization
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for the Stationary, MobE, and MobH devices, respectively. The com-
pounds detected with the Stationary (n =17, ngmpe="7), MobE
(Panatyte = 13, Ngampie=3), and MObH (1,510 = 15, Rgympie =9, 4 out of
15 compounds were saturated, i.e. No. 12, 13, 15, 16 labelled with
an asterisk) were organized and colored (light to dark gray) accord-
ing to the elution order in the stationary system. Terms’ labels:
“Nypatye” =number of identified compounds and “n ’=number of
replicates

analyte

B
sample
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Moreover, as already seen for all devices (refer to Fig. 1),
the maximum integrated area among all analytes in our
standard mixture came from compounds with different vola-
tility (e.g., 1,2-xylene (12), toluene (10), and 3,4-dichloro-
phenol (18) in the Stationary, MobE, and MobH devices,
respectively). Therefore, we evaluated the relative response
of the compounds in dependence on the boiling points (as
a proxy of volatility). The encountered differences between
stationary and portable devices are represented through a
ggplot in Fig. 2.

According to the results illustrated in Fig. 2 and the cor-
responding ANOVA (refer to Supp. S.5), we found that the
relative signal response of the quan ions (i.e., base peaks) of
the early-eluting compounds (mostly non-aromatic) in our
standard mixture increased with higher boiling points for
MobH. The high-temperature program improved the des-
orption of compounds with lower volatility (between VOCs
and SVOCs), such as the chlorinated phenols, and consider-
ably increased the signal response of most of the compounds
along the entire range of volatility. The results in Fig. 2,
however, suggest a recovery loss of very volatile compounds
(probably lost due to adsorption during transfer from the
desorber to the chromatographic column in the low-temper-
ature method), and even some of them (e.g., the early-eluting
propan-2-one and chloroform) were not detected at all.

This suggests that a more sensitive quantitation in the
portable devices by desorption at higher temperatures
occurs for compounds with higher boiling points by better
desorption and compound transfer (data not shown), and
better peak widths are achieved by increasing the heating
ramps during chromatographic separation (e.g., in MobE)
rather than by optimizing the chromatographic phases
(e.g., stationary phases and various mobile phases).
Such efforts, however, would have to compromise on the
heat stability of the targeted analytes and durability of
the instrument’s vacuum connections. Considering the
simultaneous loss of compounds with higher volatility,
it seems that compound transfer on the mobile devices in
particular still requires crucial technical improvements.

As a final remark, we would like to refer the inter-
ested reader to the supplementary section (Supp. S.3) for
a comparison including MobT, which was excluded here
from this comparison because a thermal desorption device
was not available for this instrument. Other studies also
showed differences in the number of identified analytes
and the response profiles of VOCs [36] using the Torion
T-9 portable GC-MS [10, 21]. A lower number of identi-
fied VOCs with the portable device due to a weak chro-
matographic resolution and increased coelution [21, 37]
was related to the rapid temperature program and shorth
length of the column in comparison with the benchtop
GC-MS system. These results somewhat agree with the
general lower sensitivity of the other mobile instruments
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Fig.2 Maximum-normalized response (logarithmic scale) of

the quan ion of all identified analytes of the stationary device
(Manatye =17, Ngmpie=7) and the two portable systems (n =13,

analyte —
Ngample =3 and Nopaee =11, A =9 for MobE and MobH, respec-

tively) in dependence on increasing boiling point. Terms’ labels:
“Nypatye” =number of identified compounds and “n,y,,.” =number of
replicates. The blue line represents a significant linear correlation

(MobE and MobH), most likely also related with peak
broadening and coelution.

Mobile instruments exhibit a poorer mass spectral
reproducibility

The simultaneous introduction of reference standards with
the sample itself (“co-spiking”) is usually considered a
final confirmation of a substance’s identity; nevertheless,
such standards are often not available in the laboratory, and
the situation becomes even more difficult during applica-
tions in the field. Consequently, obtaining (EI) spectra as
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a reproducible fingerprint of the target compound and as
similar as possible to the reference library is a particularly
important feature to achieve a high reliability for library
identification when co-injection is not feasible.

Therefore, we examined the reproducibility of the
obtained spectra as a first criterion for the reproducibility
of compound identification based on spectral comparison
with any mass spectral library. It is known that the vari-
ance plotted along the dynamic range of the intensity from
an analytical detector (here: variance over fragment inten-
sity) often exhibits a “trumpet” shape (heteroscedasticity),
meaning that the variance is higher to the lower end of the
dynamic range and improves toward the middle part or
upper end of the dynamic range. We assessed the extent
of this appearance with the different instruments. Table 3
presents the relative standard deviation (% RSD) of the
relative abundance of replicate analyses of three selec-
tive mass traces per analyte, categorized in two ranges:
a, £25% < a, (where a is the relative abundance in % and
n;.n» the number of selective ions from all identified ana-
lytes in that particular abundance range).

In general, the best reproducibility (lower % RSD,
colored in light gray) was obtained with the Stationary
across the entire range of relative abundance (~3.5% mean
RSD, n. . =50 vs. 9.7% mean RSD, n; =122 over all

mon on

Table 3 Relative standard deviation (% RSD) of the relative abun-
dance of replicate analysis of three fragments per analyte in two
ranges (a;<25%<a,) for the Stationary (yye=17, njp,=50,
n

=7, except for butan-2-ol m/z 43) and the portable systems:

sample

portable devices). In the analysis of low molecular weight
molecules (e.g., VVOCs and several VOCs), the low num-
ber of selective ions with a satisfactory relative abundance
is a great challenge for fragment pattern comparisons.
Therefore, a threshold of 5% for the relative abundance of
quan and identity-confirming (qualifying) ions (in com-
parison to 10% in [27, 30]) enabled an extended evaluation
in two ranges (a; <25% < a,).

For the_mobile instruments, however, the variance of
low-abui 2 ice fragments (a; <25%) was clearly higher
than that for high-abud:-nce fragments (a, >25%) with
a similar ratio of a,/a, means for all identified analytes
(~1.6+0.1, n=3), while the Stationary had a much lower
a,/a, value of ~0.9. These differences suggest that, first, the
variance with the Stationary is nearly independent of the
relative abundance of the fragments in each mass spectrum
and, second, the poor reproducibility of the mass spectra
in portable devices might be most likely related with the
higher variance of the low-abundance fragments. Neverthe-
less, between portable devices, MobH showed considerably
better RSD values already approaching the performance of
the stationary device for high-abundance fragments.

For MobT, including less volatile compounds to achieve
a broader coverage of analytes (MobT DI) considerably
lowered the variance compared to MobT HS. We also

51 and aniline m/z 65), MObH (15 =15, Moy =41, ngpnu.=9,
except for butan-2-ol m/z 43 and pyridine), MobT HS (1,4, =0,
Njon =18, Ngample = 17), and MobT DI (n.amalyte =9, n,, =27, Rgample = 2).

Note that a few m/z with insufficient selectivity were excluded from

MObE (724541yte = 13, 7jon =36, gympie =3, except for pyridine m/z 78, evaluation
Device Relative % RSD (Relative abundance) Njon aqaz
abundance (Mean/Mean)
range [%] Minimum Maximum Median Mean Standard
deviation
as25 1.0 12.5 2.7 3.4 2.7 24
Stationary 0.9
a,>25 0.6 12.8 2.6 3.6 3.0 26
MobE 1.6
a>25 2.5 17.6 _ 4.3 20
a,s25 1.7 32.1 4.1 20
MobH 1.5
a,>25 0.9 14.6 24 4.3 4.0 21
MobT HS 1.6
MobT 1.7

Color scheme: light grey for favorable (RSD <5%), grey for neutral (5<RSD < 10%), and dark grey for less favorable values (RSD > 10%) per

category defined in each column label

a relative abundance, n number of identified analytes, 7,

analyte ion
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considered the variance of the mass spectra to be a conse-
quence of the different compounds detected with each of
both extraction modes (headspace “HS”’-SPME vs. immer-
sion “DI”-SPME); for instance, phenol and chlorinated phe-
nols, characterized by heavier, more abundant fragments and
lower RSD values, were only detected by DI-SPME.

As expected, the larger variance in intensity of the chroma-
tographic peaks, first, between extraction modes (e.g., toluene
was barely detected through DI, and a broad but less intense
peak made the quantification difficult) and, second, among
detected compounds (the mean abundance with MobT DI was
much lower with a drastic difference in extraction efficiency
for 1,2-xylene; see supp. Fig. S.3), did not affect the estima-
tion of the reproducibility of the mass spectra through the
height of the peak of selective fragments (as an equivalent
to a background-subtracted MS at the apex). Indeed, the %
RSD values in MobT DI were better than those in MobT HS.

To identify the reason for the poor precision, the % RSD
of all evaluated fragments as a function of specific independ-
ent variables was related to (a) the m/z (mass) of the frag-
ment and (b) the fragment’s absolute abundance in a linear
regression. However, we found no effect of the mass on the
reproducibility of the fragmentation pattern. (Note, however,
that most of the target m/z were in a similar range between
m/z 30 and 100.) From this, we might infer that the differ-
ence in the variance of the results for MobT (refer to Table 3)
between HS- and DI-SPME seemed to be only related to the
abundance of the fragments, but not to the mass of the identi-
fied analytes. Though as expected from the already-estimated
ratio between mean % RSD values (Table 3), mass spectral
variability was found significantly reduced for highly abun-
dant ions for the Stationary and MobE (negative slope, m);
howeyver, the extent of this influence was rather weak, and we
refer to Supp. S.6 for the tabulated results and to Supp. S.7
for illustration and further discussion.

We finally considered that the overall performance of
mass spectrometers for m/z separation and detection might
be dependent on the vacuum level that can be delivered by
these systems [3]. When the particle density is increased,
collisions with residual gas molecules or space charge effects
(electrostatic interaction at larger electron and ion densities in
restricted spaces) decrease the ionization efficiency and make
the ion transfer between ion source, analyzer, and detector
less successful. At first, in the source, the probability that the
analyte interacts with the emitted electron for a successful
ionization statistically decreases when the number of other
molecules in the ion volume increases, resulting in a lower
ionization efficiency for the analyte, therefore lower sensi-
tivity (the signal decreases). At the same time, the signal
background increases since more residual molecules are ion-
ized, which decreases the sensitivity even further (by raising
the noise, the S/N ratio will decrease). Second, by the either
kinetic (collision) or electrostatic interaction (space charge

effects) with residual gas molecules, the ion is deflected
from its intended trajectory (directional dispersion) and loses
energy (energy/velocity dispersion) [38]. Both lead to a loss
of ions during focusing of the ion beam for transfer; also, the
signal amplification in the detector will be less efficient at
higher pressures due to the lower energy of the ion impacts.

Thus, higher (and less stable) pressures are a very sug-
gestive reason for all observed drawbacks, i.e., low sensi-
tivity, poor reproducibility, and a reduced dynamic range
of mobile mass spectrometers [39]. Therefore, we assume
that the differences in % RSD might be related to the
lower and stable pressure in the Stationary (high vacuum
(HV) < 1.0x 10~* Pa) compared to the mobile systems. To
support this assumption, RSD values were also estimated
for several compounds of the complex standard mixture for
one additional, non-mobile/lab-installed GC-MS quadru-
pole mass analyzer capable of approaching similar vacuum
conditions as the Stationary (for instrumental parameters,
refer to Supp. S.2, Table S.2.2).

For instance, the high vacuaum (HV) pressure achieved by a
GCMS-QP2010 was 9.9 107> Pa, being slightly lower than the
one of the Stationary. As expected, the estimated RSD values
(refer to Table 4) in the mass spectra obtained from the GCMS-
QP2010 device with the lowest vacuum pressure were better
with means of 1.3% (n;,,=12) and 2.7% (n;,,=12) by using
headspace injection with trap or the less sensitive loop mode,
respectively, in comparison to the mean of 3.0% (n;,,=15) in
the Stationary with a slightly higher vacuum pressure.

Similarly, the % RSD increased with the pressure for three
portable GC-MS devices of the same model as MobH (used
with different inlets, i.e., TD, SPME, and Probe) but work-
ing under different vacuum conditions. In agreement with
the ascending vacuum pressure during tuning of these three
MobH quadrupole mass analyzers, the estimated mean RSD
value also increased, being approximately 3.6% (n;,,=15),
4.3% (n;,,=12), and 5.3% (n;,, = 12), respectively, compared
to 3.0% (n;,, = 15) in the Stationary.

On the other hand, though ion trap mass analyzers such
as MobT are characterized to achieve optimal performance
already at higher pressures [3, 41] eventually making them
more suitable for mobile instruments, the higher pressure
of MobT might still have led to a poorer than the conven-
tional quadrupole (Stationary) mass spectral reproducibil-
ity with MobE and MobH quadrupoles. In agreement, we
could not find any significant correlation of the encountered
variability, neither as function of the fragments’ absolute
abundance in contrast to the quadrupoles (stationary and
portable) nor as a function of the mass for this instrument.

Our results suggest as a general tendency that the unfa-
vorable pressure of portable devices compared to that of
the Stationary causes a poorly reproducible loss of signal
response and a higher noise level. However, the differences
in the pressure do not seem large enough to justify the
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observed differences in the variance (i.e., mean 2.4% RSD
nion =39 for 2 stationary devices vs. 4.4% RSD n;,, =39
for three portable devices of the same type). Instead, other
appearances such as differences in the pressure stability, i.e.,
stronger fluctuations during analysis of replicates, might also

cause the observed higher variance.

Mobile instruments exhibit a poorer mass spectral
similarity for identification with mass spectral libraries

Having a closer look to the fragmentation patterns obtained
with the different devices, we also noticed differences in the
mass spectra obtained from the stationary GC-MS systems
compared to the ones from portable GC-MS devices, exempla-
rily illustrated in Fig. 3 (a and b, respectively) for the aromatic
compound toluene.

With m/z 91 (benzylic cleavage of an H radical from the
methyl group) as the base peak, the relative abundance of
the molecular radical ion m/z 92 for the stationary devices is
61.7+2 % and 69.5+10.2 for the portable devices. For m/z
65, the atral cleavage of ethine, the values are 12.4 +0.5
for the stationary devices and 16.6+2.1 for the portable
devices. Consequently, the abundant radical cleavage is
less frequent, and the low-abundance neutral cleavage was

Table 4 Relative standard deviation (% RSD) of the relative abundance
of replicate analysis of three fragments per analyte (exemplarily for
five compounds detected in common by most of the instruments: pen-
tafluorobenzene, benzene, toluene, 1,2-xylene, and 3,4-dichlorophenol)
for two stationary GC/MS devices with different vacuum pressures:
Stat HS-TM (high vacuum (HV) pressure during tuning, 9.9x 107> Pa),
Stat HS-LM (HV pressure during tuning 9.9x 10~ Pa), and Stationary
(HV pressure during tuning 1.0x 10~ Pa) in comparison with the three
portable systems of the same type of MobH but working under differ-
ent vacuum pressures and introduction devices: MobH (i.e., TD-GC/
MS, vacuum pressure during tuning, 1.6X 1074 Pa), MobH-SPME

somewhat enhanced with the portable devices. This would
be a brief example illustrating differences in fragmentation in
the ion sources of the mobile instruments vs. the Stationary,
as already suggested from the results of our Mann—Whitney
U tests and illustrated in Supp. S.8 for another compound,
phenol, on which larger differences in relative abundance were
found for the m/z 66, corresponding to the loss of CO from the
molecular ion, in MobH (53.1 £6.6, gy, =9) and MobT DI
(64.0£4.7, ngpp.=2) than in MobE (30.3 £5.3, ngpp.=3)
and compared to the Stationary (41.9 £ 1.5, gy =7).
Since a distorted fragmentation pattern is expected to have
an impact on identification using spectral matching, we fur-
ther investigated the performance of compound identification
with the mobile devices. Identification of unknown com-
pounds without authentic standards is usually accomplished
by spectral match with commercial mass spectral libraries.
Indeed, tentative identification of compounds has been carried
out by comparison with customer or commercial mass spec-
tral libraries and/or literature-based linear retention indexes
(LRIs) in many studies using portable devices (even with
different mass analyzers, miniature ion trap against quadru-
pole) [21]. Consequently, it is not only the reproducibility that
matters here but also the similarity to reference spectra from
widely accepted databases such as the NIST library (National

(vacuum pressure during tuning, 3.5% 107 Pa), and MobH-Sample
Probe. (*Note: The latter instrument was pumped down the day before
its use to reach the minimum vacuum conditions for normal function-
ing and equilibrated overnight. Therefore, a reference value (i.e., the
lower limit of the ion’s gauge working range) is used for comparison.
In general, the pressure achieved by the turbo molecular pump and
rotary pump in the service module of MobH is between 1x 107> and
3%107% Pa [40]. Trap and loop mode injection are labeled as “Stat
HS-TM” and “Stat HS-LM” respectively

% RSD Laboratory-installed GC-MS Portable GC-MS
(of relative Stat HS-TM Stat HS-LM Stationary TD MobH- MobH- MobH-
TD SPME Sample Probe
abnundagcsze) (nsample = 6) (nsample = 7) (nsample = 7) (nsample = 9) (nsample = 12) (nsample = 7)
analyte™
nion=3
Pressure
[Pa] 9.9x 10° 9.9x 10° 1.0 x 10+ 1.6 x 10 3.5x 104
(during
tuning)
Median 1.0 1.3 2.3 3.5 44 3.4
Nion 12 12 15 15 12 12

* Reference value. The instrument was pumped down the day before its use to reach the minimum vacuum conditions for normal functioning and
equilibrated overnight. A reference value is used (i.e. lower limit of the ion's gauge working range). The pressure achieved by the turbo molecular
pump and rotary pump in the service module is between 1 x 10 and 3 x 10 Pa [40].

Color scheme for % RSD in scale: light gray for favorable and dark gray for less favorable values. Color scheme for increasing pressure from

light to dark gray

n number of replicates

sample
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Institute of Standards and Technology, Gaithersburg, US).
The relative abundance normalized to the corresponding
NIST reference values is summarized in Table 5.

The highest deviations from the ideal value of 1 of median
and mean values (in bold) were found for the low-abundance
fragments with MobE, MobH, and MobT, also deviating from
normal distribution (median# mean). However, the large
standard deviations in general complicate an assessment of
the best performance in mass spectral similarity. Considering
the lower standard deviation and absolute error, MobE indeed
seems to outperform the other portable devices in terms of
mass spectral similarity. The consistently higher absolute
error of the low-abundance fragments with the mobile devices
again suggests poor matching with the NIST reference spectra.
We also evaluated the % absolute error of the fragments in
dependence on the mass (a) and absolute abundance (b) of the
fragments in a linear regression for the Stationary and mobile
systems (Fig. 4).
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Fig.3 Comparison of the spectra (scan at the apex of the peak) of
the aromatic compound, toluene, obtained from a stationary GC-MS
devices: Stat HS-TM, Stationary HS-LM, and Stationary and b port-
able GC-MS devices: MobH, MobE, and MobT HS, using GCMS
solution 4.20 software (Shimadzu, Kyoto, Japan). Trap and loop

Significant negative linear correlations were found for all
mass spectrometers (p value=0.03, m= —0.95 and »=2.81
for the Stationary and p value <0.001, m= —0.62, and
b=4.44 for MobH, p value=0.05, m= —0.73, and b=2.62
for MobE, and p value=0.08, m= —0.65, and b=2.68 for
MobT) as a function of the mass (i.e., mass spectral similar-
ity improves for heavier fragments). The fragments’ absolute
abundance was negatively correlated only for the two portable
quadrupole analyzers. Although the effect seems low judging
from the slope and overall appearance of the graphs, spec-
tral matching might benefit from restricting the searched m/z
range to the lower end and introducing an intensity threshold;
the same would be true for the selection of a quan ion.

Variations in the fragmentation pattern were already reported
in a previous study [42] with a portable GC-MS Tridion™-9
(Torion Technologies Inc.). Such differences may be related to
the different internal energy of the ions which in turn again may
be a consequence of the pressure in the ion source. Moreover
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mode are labeled as “Stat HS-TM” and “Stat HS-LM”, respectively.
For MobH, the spectrum was illustrated by ER 1Q software version
2.33 (Inficon, Inc., Germany) and formatted. Blue dashed lines have
been arbitrarily added to limit 10 and 50% relative abundance and
ease the comparison
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with respect to MobT ion trap spectra were often reported to suf-
fer from poor spectral matches and a lower comparability across
different instruments in comparison with EI reference spectra
from beam-type analyzers normally used for creating the NIST
library entries [37]; in trap analyzers, the deceleration of ions to
less internal energy may result in a partially different fragment
pattern (e.g., [43]). However, since our values do not suggest a
worse performance of the portable trap instrument in comparison
to the quadrupole analyzers, we infer that the improved results for
spectral matching might also be efficiently achieved improving the
mass spectral reproducibility over the entire evaluated mass range.

Mobile instruments exhibit a lower sensitivity

For comparing the sensitivity of the instruments, we used the
log-transformed signal-to-noise ratio (RMS) plotted over (a)
the fragment mass and (b) the fragment’s absolute abundance
of four selective mass traces per analyte (Fig. 5).

At a first glance, the Stationary again clearly outperforms the
mobile instruments exhibiting the highest S/V values. Indeed, the
median S/N in the Stationary compared to the MobE was about
8 times higher for 11 analytes covering a wide range of volatility
and chemical classes (for tabulated values, refer to Supp. S.9).
Significant positive correlations of the S/N and the mass of the
fragment were found for all instruments (Stationary p<0.001,
m=>5.31, and b=—7.25; MobE p<0.01, m=1.62, and b=—1.28;

Table5 Mass spectral similarity (normalized relative abundance to
the reference values of NIST library with an ideal value =(1) colored
in scale: light gray for favorable, gray for neutral, and dark gray for
unfavorable values per category defined in each column. Three

and MobT p<0.001, m=2.84, and b= —3.35) with the Station-
ary most influenced (larger slope, higher degree of significance).
Very likely, the lower noise for higher m/z is responsible for the
improved S/N.

At constant noise, S/N should linearly increase with
the abundance for all evaluated instruments. Exemplarily,
for benzene, the molecular ion m/z 78 (base peak, relative
abundance 100%) and the fragment m/z 77 (observed rela-
tive abundance of 26.4 +2.1% for MobE and 24.7 +3.2%
for Stationary) had an estimated S/N of 149 and 53 in the
MobE, and 1151 and 389 in the Stationary, respectively.
Indeed, significant linear correlations between S/N and the
fragment’s absolute abundance were obtained for the Sta-
tionary (p value=0.04, m=0.88, and b=1.62) and for both
portable devices, MobE (p value <0.001, m=1.06, and
b=0.55) and MobT (p<0.001, m=0.92, and b=1.44) (see
also Supp S.6, Table S.6). Both portable devices, independ-
ent of the mass analyzer and introduction device, showed
a shorter y axis scale (small range of S/N values) but larger
x axis range (larger range of absolute abundance), i.e., a
lower fragment selectivity. In conclusion, the fact that the
S/N along the fragments’ absolute abundance (Fig. 5b)
increased to a different extent on the different devices sug-
gests that instruments with a shorter y range (S/N values)
and larger x range (abundance) struggle with higher noise
values counteracting the positive effect of signal increase.

dine m/z 78, 51, aniline m/z 65 and nonane* with filtered base peak),
MobH (n =15, n,, =37, n =9, only butan-2-ol m/z 59,

analyte ion sample

except for nonane with filtered base peak* and pyridine), MobT HS
(Ranatyie =6, Migy =18, 1 =17), and MobT DI (, =9, n;,, =27,

ion ™ sample analyte — ion ™

selective mass traces were estimated for the Stationary (paye =17, Ngmple=2). Note that a few m/z with insufficient selectivity were
Nion =49, Ngnp. =7, except for propan-2-one m/z 44 and butan-2-ol excluded from evaluation. Values are given in two abundance ranges:
m/z 43), MObE (nyn55e =13, 1y =33, ngmp.=3, except for pyri- a,<25% and a,>25%, where a is relative abundance
Device Relative Observed relative abundance / NIST reference value Absolute  njo,
abundance error
range [%)] Minimum Maximum Median Mean St. dev.
a£25 0.59 2.68 0.97 1.1 0.42 0.25 23
Stationary
a,>25 0.70 2.05 1.00 1.08 0.29 0.18 26
a;<25 0.78 1.69 1.17 - 0.23 0.28 14
MobE
a,>25 0.59 1.67 1.01 1.01 0.28 0.20 19
MobH
a,>25 0.74 1.94 1.16 1.19 0.32 0.27 20
a;<25 0.65 214 1.09 1.18 0.47 0.38 9
MobT HS
a,>25 0.49 2.05 1.04 1.07 0.49 0.36 9
a£25 0.25 213 0.92 12
MobT DI —
a,>25 0.80 1.88 1.08 1.17 0.32 0.27 15
wootal a5 o0z 2w oss 1o [N o
a,>25 0.49 2.05 1.05 1.13 0.39 0.30 24

Values in bold represent those with larger differences between the median and mean

Nanatyre number of identified analytes, n;,,,
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samples UMber of replicates
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Fig.4 Ggplots representing the mass spectral similarity in terms of
% absolute error from each selective ion plotted over (a) their cor-
responding m/z or (b) the fragment’s absolute abundance for the Sta-
tionary (n =17, n,,,=49, n =7, except for propan-2-one m/z

analyte ion sample
44 and butan-2-ol m/z 43), MobE (n, =13, n,,,=33, n =3,

analyte sample
except for pyridine m/z 78 and 51, aniline m/z 65, and nonane* with
filtered base peak), MobH (n =15, n..=37, n =9, only

analyte — ion sample
butan-2-ol m/z 59, except for nonane with filtered base peak* and

pyridine), MobT HS (n =6, n,,=18, n =17), and MobT

analyte ion ™ sample . X
DI (anaigre =9 Mion =27, Ngampie =2). Note that a few m/z with insuf-

ficient selectivity were excluded from evaluation. Terms’ labels:

As discussed for the poorer reproducibility, we suggest that
this loss of sensitivity might also be related to a higher
pressure with the mobile instruments, mostly affecting the
low-abundance fragments.

In agreement with our findings, other studies also
report on poorer sensitivity and detection limits of
portable devices compared to benchtop GC-MS instru-
ments. For example, scent compounds could not be
quantified with the sample probe of the Hapsite Smart
Plus ER (Inficon) at concentrations met under field
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« «

Mypatyte. =nUmber of identified analytes, “n;,,”=number of selec-
tive ions from all identified analytes in a particular abundance range
and “ngp,.” =number of replicates. Dark gray dots illustrate frag-
ments with a; <25% and black dots with a,>25%, where a is rela-
tive abundance; solid and dashed blue lines represent significant
linear correlation (p value <0.05) and marginal linear correlations
(0.05<p value<0.1) upon occurrence, respectively. *Nonane could
not be compared with the NIST library since the base peak m/z 43
was below the adjusted mass range in MobE and MobH (>m/z 45).
Tabulated results can be seen in the supplementary section Supp S.6,
Table S.6

conditions (10 times the background noise) and the
poor precision of such measurements also complicates
the quantitative analysis [19]. In a study of da Silva
Pinheiro et al. [15], analysis of 2,6-dimethylphenol with
portable TD/GC-MS resulted in a detection limit higher
by a factor of 3.

S/N was not related to the analytes’ boiling point except in
MobT HS (refer to Supp S.10). The results for MobT HS sug-
gest that this effect might be related to the still pending opti-
mization of the sample introduction inlet since the results were
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Fig.5 Ggplots representing the S/N (RMS calculation) of four selec-
tive mass traces per compounds in logarithmic scale in the Station-
ary and mobile instruments. S/N values are plotted over a m/z and b
fragment’s absolute abundance. Representative analytes were used
for illustration in the Stationary (n =11, n., =44, n =7),

analyte ion sample
MObE (Mypqiyte =11, Mign =36, Myeplicare =3, except for chloroform m/z

87, pentafluorobenzene m/z 168, pyridine m/z 51 and 78, nonane m/z
128, aniline m/z 65, 4-chlorophenol m/z 130 and 100) and MobT HS
(Ranatyre =35 Mion =20, n =17), and MobT DI (n, =9, n;,, =27,

sample analyte ion
n

sample =2). Note that a few m/z with insufficient selectivity were

considerably improved, for instance, using a higher temperature
during compound desorption, or using direct immersion instead
of extraction from the headspace. This confirms the still urgent
need to improve the transfer system of mobile instruments for
successful multicomponent analysis, especially for VVOCs
(as already described in ““Signal response patterns of the VOC
standard mixture after TD/GC-MS analysis differ between the
evaluated instruments”).

Conclusions

In comparison to the performance of stationary lab equip-
ment, mobile GC-MS systems still show shortcomings in
their performance and limitations in quantification of com-
plex volatile profiles. Different signal response patterns, a
lower signal-to-noise ratio, lower mass spectral reproducibil-
ity, and similarity observed with these instruments indicate
the need for development of mobile devices to achieve: (i) a
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excluded from evaluation of MobE. Dark gray dots illustrate frag-
ments with a; <25% and black dots with a, >25%, where a is relative
abundance; blue lines represent significant linear correlations upon
occurrence. Terms’ labels: “n,, " =number of identified analytes,
“n,,n,” =number of selective ions per particular abundance range, and
“Ngample. =number of replicates. (Note: particularly for MobE, S/N
could not be calculated through RMS for very low abundantc ions by
the applied software.) Tabulated results of the statistical analysis are
given in the supplementary section (Supp. S.6, Table S.6)

wider coverage of analytes, (ii) a more sensitive detection,
and (iii) a reliable identification of compounds.

The mobile systems had a poorer mass spectral reproducibil-
ity which improved with the relative abundance of the fragments
while the conventional system exhibited an almost similar variance
of low- as well as high-abundance ions (relative abundance) over
the investigated mass range. To improve the precision of quanti-
fication using mobile quadrupole instruments, we suggest to use
selective ions with a general threshold of 25% relative fragment
abundance for quantification, particularly for m/z < 100; smaller
fragments 45 <m/z<100 can still be used for precise determina-
tions but should preferably meet this intensity threshold (refer to
Supp. S.11).

In addition, we found the mass spectra from mobile instru-
ments less similar in the search against standard reference librar-
ies. In more detail, mass spectral similarity with these instru-
ments was worse for lighter and low-abundant fragments, so
that fragments <m/z 100 and< 25% intensity may be disregarded
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respectively less considered to improve spectral hits for mass spec-
tral search (refer to Supp. S.12). We further suggest to consider the
assessment of mass spectral similarity respectively comparability
in performance tests of mobile devices.

The S/N increased with increasing 7z independent of the signal
abundance (illustrating the benefit of the lower noise with increas-
ing mass range) to a different extent in the different instruments,
i.e., less in both, the miniaturized quadrupole mass analyzer MobE
compared with the miniaturized ion trap MobT.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00216-022-04391-y.
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