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Abstract

Volatile organic compounds (VOCs) can be extremely toxic and hazardous to expose humans in both indoor and outdoor
environments; thus, their detection, correct identification, and accurate quantification are relevant and demanding tasks that
need to be addressed. Fortunately, several known analytical techniques allow the qualitative and quantitative assessment of
these compounds. This review paper stresses on two independent spectroscopic techniques, infrared spectroscopy and ion
mobility spectrometry, both suitable for the detection of very small concentration levels of VOCs in gaseous samples. Infrared
spectroscopy is a well-known technique that has been largely applied per se or combined with additional methodologies, to
study VOC:s at both high and low concentration levels. On the other hand, ion mobility spectrometry gained relevance in this
field, due to its capability to measure trace concentration levels, namely ppb, and even ppt,. For this review paper, several
scientific papers were analyzed, and the most relevant were addressed throughout the text. The working principles of both
techniques are carefully addressed, and updated data is provided for highlighting the advantages and disadvantages of both

techniques for the environmental VOCs assessment in air quality control.
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1 Introduction

Air quality control and toxicity assessment are two of the
most addressed issues in contemporary society. Volatile
organic compounds (VOCs) can have a preponderant contri-
bution to both these topics. Their presence and concentration
levels in indoor and outdoor environments can directly influ-
ence air quality and affect the exposed population, causing
several known pathologies. VOCs detection, identification,
and quantification are, for these reasons, mandatory tasks
that require analytical techniques to be accomplished.

In this work, an overview is given on the detection of
VOCs through two spectrometric techniques: infrared
(IR) spectroscopy and ion mobility spectrometry (IMS).
The main goal of this review is to compare two analytical
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spectrometric techniques: IR, a very common and widely
applied technique, and IMS, a more recent technique with
proven results. It is intended to assess which analytical
technique among the two mentioned is the most suitable
for both qualitative and quantitative assessment of envi-
ronmental VOCs in air samples. Relevant scientific papers
are addressed and reviewed in each chapter along with an
overview of the working principles of each technique. Two
VOC:s glossaries in the form of tables are also included as
a way of easing the consultation of papers that address a
specific analyte.

1.1 Volatile Organic Compounds

Volatile organic compounds are analytes whose chemical
structure is mainly composed of carbon atoms that are vola-
tile at room temperature. The European Union directive on
the limitation of emissions of volatile organic compounds
defines VOCs as “any organic compound ..., having at
293.15 K a vapour pressure of 0.01 kPa or more, or hav-
ing a corresponding volatility under the particular condi-
tions of use” [1-5]. In this way, an organic compound with
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such an elevated vapor pressure will present a low boiling
point, meaning that it will be volatile at room temperature
(20 °C). Owing to this feature, VOCs can spread through the
air effortlessly, rapidly, and imperceptibly to human beings
[6-8].

As already mentioned, many daily use objects and activi-
ties contain or involve exposure to VOCs. In fact, emission
sources of VOCs not only fill indoor environments, such
as private houses, vehicles, or workplaces, but also pub-
lic spaces such as shopping centers, hospitals, or schools,
among many more different places [9-17]. They can be
emanated from construction materials like paintings or var-
nishes, clothes, furniture, cleaning products like detergents,
pesticides, perfumes, personal care products, and many other
distinct but very common sources [7, 18-21].

Varying from almost inert to extremely reactive, VOCs
have the capability of passing through biological membranes
like pulmonary tissue, specifically alveolar membranes, but
also through ocular or cutaneous tissues in such a way that
their presence can represent a risk to human health even at
trace concentration levels [22]. Eyes allergies and skin pruri-
tus are some of the most common VOCs-provoked patholo-
gies. Inflammatory and respiratory health conditions such as
asthma and chronic obstructive pulmonary disease are also
common pathologies caused by prolonged exposure to haz-
ardous VOCs. Among other compounds, formaldehyde and
benzene have been identified as carcinogenic and are directly
responsible for some severe forms of cancer [23-29]. Under
these facts, correct identification and quantification of VOCs
are of great relevance for controlling air quality, maintaining
the safety of human-use spaces, avoiding pathological health
conditions, and preventing large-scale risks and hazards.

2 Analytical Techniques for VOCs
Assessment

Considering the main analytical techniques that can be ade-
quate for VOC assessment in a gas sample, one will certainly
be led to elect chromatographic and spectrometric methods
as the most relevant due to their intrinsic specificity and sen-
sitivity to molecular species. Each one of these techniques
can even be improved by means of dedicated procedures
for specific situations or be enhanced by combining them
into a new technique. Ultraviolet, visible, and infrared spec-
troscopy, for instance, are three possible specializations of
spectrometric methods. The same applies to mass and ion
mobility spectrometry, which are also spectrometry-based
techniques. On the other hand, combined techniques such
as gas chromatography-mass spectrometry (GC-MS) and
gas chromatography-ion mobility spectrometry (GC-IMS)
exemplify enhanced methodologies that provide the best
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characteristics of several techniques by coupling them into
a single device [30, 31].

In this work, the detection and quantification of VOCs
through infrared spectroscopy and ion mobility spectrometry
were investigated and collated.

2.1 Infrared Spectroscopy

Infrared (IR) spectroscopy is a widely used analytical tech-
nique which started as the first structural spectroscopic
technique available for organic compounds assessment. As
a specific technique of vibrational spectroscopy, infrared
spectroscopy has gained relevance for both qualitative and
quantitative analyses of different types of samples, such as
gases, liquids, solutions, powders, and even surfaces [30,
31]. IR spectroscopy allows the classification and quanti-
fication of samples through its infrared spectra in the elec-
tromagnetic spectrum region, between 700 nm and 1 mm
of wavelength, or 430 THz and 300 GHz of frequency, the
region where most of the vibrational resonances of chemical
bonds occur [32].

From a simplified perspective, the application, and specif-
ically, the absorption of infrared radiation by the molecules
of a sample is associated with the vibration of molecular
bonds. Absorption takes place for different molecular bonds
at specific values of energy, and the infrared spectrum rep-
resents the fraction of the incident radiation that is absorbed
at a specific energy value. Energy values correspond to cer-
tain frequencies of vibration and, complementarily, to par-
ticular wavelengths or wavenumbers [30, 31]. The majority
of organic compounds, like alcohols, ketones, ethers, and
VOC:s in specific, absorb radiation in the infrared region of
the electromagnetic spectrum. Consequently, infrared spec-
troscopy is one of the most effective analytical techniques for
VOC identification and quantification [31]. The group of all
the absorption bands observed in a spectrum can be used as a
pattern or fingerprint of a molecule or sample. The intensity
can be represented in the form of absorbance, transmittance,
or reflectance as a function of the wavenumber, which is pro-
portional to the energy change between the initial and final
vibrational states of the molecular species [30-33].

Earliest infrared dispersive instruments have been
replaced by Fourier-transform infrared devices, which
are more adequate apparatus for solid, liquid, and gas-
eous compound analysis and spectral characterization
[34-36]. From a more detailed perspective, the basis of
the spectrometer optical bench corresponds to a scanning
Michelson-like interferometer configuration and the spec-
trum is obtained by applying the Fourier transform to the
interferogram signal [31-33]. Usually, the radiation source
of an FTIR spectrometer is chosen according to the spe-
cific electromagnetic spectrum section to be investigated.
The most common ones are high-pressure mercury lamps
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and tungsten-halogen lamps, which are used as sources
for the far-infrared and near-infrared regions, respectively
[34, 35].

When the incident radiation reaches the sample, it can be
reflected, absorbed, transmitted, or even scattered. Admit-
ting I, as the intensity of the incident infrared radiation, it
is possible to relate all these quantities using the following
equation [32, 34]:

IO=Ir+Ia+It+Is (1)

where I, I, I, and I are the reflected, absorbed, transmit-
ted, and scattered radiation intensities. In practical terms,
the reflected, absorbed, transmitted, or scattered radiation
intensities are dependent on the specificities of the sample
or the surrounding conditions [32, 34].

For measuring the IR radiation, it is common to use pyro-
electric detector devices that incorporate deuterium trigly-
cine sulfate in a temperature-resistant alkali halide window.
Besides the widespread utilization of these devices, other
types of detectors can be used. Once detected, the signal
undergoes a process of amplification and filtering in which
the high frequencies are eliminated. Then, the signal is con-
verted from analogic to digital, and the Fourier transform is
mathematically applied to the resultant signal [32, 35]. The
Fourier transformation of the signal is carried out through
the application of two interconvertible equations, known
as the Fourier-transform pair. This pair relates the signal
intensity, 1(6), measured by the detector, and the spectral
power density, B(v), at a specific wavenumber, v. Equation 2
represents the variation in power density as a function of the
difference in path length, which is an interference pattern.
Equation 3 demonstrates the intensity variation as a function
of the wavenumber [34].
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To calculate a spectrum, two interferograms need to be
acquired. These interferograms are obtained from the source
with and without sample absorptions. The ratio between
them corresponds to what is known as a double-beam disper-
sive spectrum [34]. Nonetheless, the detection limits of the
Fourier transform infrared spectroscopy are not low enough
to detect VOCs in indoor and ambient air, so the detection
and measurement of VOCs emitted by different materials
through infrared spectroscopy remain an unsolved challenge
until today. Multiple independent studies and approaches
have been undertaken to help solving this issue.

2.1.1 VOCs Identification Through IR Spectroscopy

Regarding the addressed features of infrared spectroscopy,
the identification and quantification of volatile analytes
through this analytical technique cannot be directly done
and require additional procedures or, at least, some kind
of sample preparation. Kutsanedzie et al. aiming to evalu-
ate the suitability of near-infrared spectroscopy for pure
VOC:s rapid detection and quantification [37], used chemo-
responsive dyes as capture probes for studying the samples.
The analytes targeted during this study were ethanol, ethyl
acetate, and acetic acid. When exposed to the targeted ana-
lytes, the chemo-responsive dyes change their characteris-
tics, namely the binding energies, energy levels, and dipole
moments. These alterations can be easily observed through
infrared spectroscopy, allowing to infer about the identifica-
tion and quantification of VOCs. The use of a diamond-like
carbon-coated silicon waveguide combined with hydropho-
bic polymer films is another approach for VOC identifica-
tion, namely in water [38]. The target analytes can easily
diffuse to the hydrophobic polymer, and once removed the
water from the system, it is possible to directly detect VOCs.
VOC:s like ethylbenzene, p-xylene, o-xylene, toluene, and
benzene have been successfully assessed using this proce-
dure, proving the suitability of this approach. The use of
polymers is somehow relevant to several independent stud-
ies. For example, filter paper and a polydimethylsiloxane
polymer coating solution has been used for the preparation
of a cost-effective preconcentrate sample of VOCs [39]. The
procedure enabled to successfully quantify analytes in the
ppb, range of concentration. In order to address the suit-
ability of a specific infrared spectroscopy technique, infrared
attenuated total reflection spectroscopy (IR-ATR), for in-situ
detection of VOCs in aqueous environments, a preliminary
study for establishing the measuring protocol was developed
by Lu et al. To do so, a polymer coating that traps VOCs
and excludes water molecules was used to ease the analyses.
The established protocol proved to be efficient in detecting
at least some organic compounds, namely, p-, m-, o-xylene,
toluene, and benzene; however, the VOC concentration val-
ues were not addressed in this work [40].

Coupling additional techniques to the IR spectrom-
eter is very usual in the VOC assessment field as a way
of improving the infrared spectroscopy performance. A
photo-ionization detector (PID), for example, is frequently
coupled to the infrared spectrometer. This sensor enables
the detection of specific volatiles with an accuracy of 1
ppm, if no other gases are present. The use of PID was
successfully applied for the detection and quantification
of styrene, toluene, isopropanol, acetone, and other VOCs.
The results of these in-situ measurements of environmen-
tal samples proved the suitability of such methodology
[41]. As mentioned, complementary detection techniques
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have also been used to certify IR results. Kohl et al. and
Formela et al. used, respectively, a proton transfer reaction
quadrupole mass spectrometer (PTRQ-MS) and gas chro-
matography with a flame ionization detector (FID-GC), to
complement the results obtained by IR spectroscopy. Hav-
ing the goal of evaluating the interference caused by VOCs
in the measurements of other not necessarily organic com-
pounds, the total quantity of VOCs in the overall sample
was assessed by the above-mentioned methodologies.
Even being independent studies, coincident analytes were
detected by the two distinct approaches, namely methanol,
limonene, a- and pB-pinenes, and hexenal [42, 43].

For situations where the sample to be analyzed requires
to be collected and transported for subsequent analysis,
sealed containers are the typical choice. These containers
are normally used for the transportation of VOCs emit-
ted, for example, from wildland fires. Scharko et al. col-
lected volatile analytes with an extractive probe, during
controlled fires, and stored them in 3 L capacity containers
to be analyzed by FTIR. Acetaldehyde, naphthalene, and
methyl nitrite were some of the organic compounds iden-
tified by the authors [44]. Similarly, 4 L capacity sealed
containers with air samples were used for infrared analysis
by Ju et al. Their main goal was to study the characteris-
tic wavelength of VOCs like ethanol, ethyl acetate, and
ethylene, in regard to their similar emission sources [45].
Also, a 2 L capacity homemade cylindrical chamber was
developed by Gao et al. to store and then measure volatile
compounds like methanol, formaldehyde, acetone, ethane,
ethylene, toluene, and even mixtures of some of these
VOCs, by IR spectroscopy [46]. As a remark, the main
disadvantage related to the use of gas-storing containers
is the possible contamination by exogenous and unwanted
VOC:s that may change the infrared spectra and respective
sample assessment results. The aging of the containers
may also represent a factor of adulteration of the results.
Successive utilizations of the same container over a large
period of time may lead to degradation of the isolation
capacity, loss of its inert features, and consequently, lack
of suitability for collecting and transporting samples.
Nonetheless, containers still are one of the best options
for sampling purposes.

Sorbent tubes have also been used for sample prepara-
tion and analysis of VOCs. This procedure was applied by
Lampert et al. for analyzing low molecular weight VOCs
with infrared spectroscopy [47]. As mentioned before, FTIR
spectroscopy is not capable of providing particularly low
detection limits for analytes identification of volatile sam-
ples, and the spectra are often too similar to be distinguish-
able. Sorbent tubes enable to overcome these issues through
the preparation of samples with known concentration levels.
The method revealed itself to be particularly advantageous
for the VOCs assessment in industrial environments, where
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the emitted concentrations are considerably higher than
those in ambient air [47].

A technique of water suppression was implemented by
Maiti et al. as a way of identifying and quantifying several
endogenous compounds exhaled in the breath. The suppres-
sion of water is a relevant procedure often used in aqueous
samples since water IR fingerprint covers a considerably
wide spectra region which conceals the target VOCs peaks.
As mentioned, VOCs can permeate through biological mem-
branes and tissues in both directions. In this way, the human
exhaled breath, which is also rich in VOCs, represents a
source of information about the health condition. Isoprene,
limonene, acetone, 2-propanol, and 2-hexanone were the
main analytes identified by the authors through IR spec-
troscopy. By reducing or even eliminating water vapor from
breath samples, VOC concentration is not affected, enabling
not only, their correct identification, but also proper quan-
tification. Even with hundreds of different analytes that can
be present in an exhaled breath sample, this methodology
proved to be suitable for the analysis of complex matrices
with an infrared spectrometer [48].

A practical application of the previously described pro-
cedure and, generally, of IR spectroscopy is the open-path
FTIR. Figure 1 illustrates the main steps of a complete
analysis with an open-path FTIR spectrometer. As men-
tioned, there are several options for IR radiation sources.
Once emitted, this radiation undergoes a division process
into two beams of equal intensity, by the Michelson inter-
ferometer, due to a set of mirrors used to reflect and refract
the light. Thereafter, the radiation beams are expanded in
order to enable the analysis of a large volume of interest. The
radiation passes, then, through the target volume and returns
to the spectrometer along an optical path, after suffering
reflection on a retroreflector placed on the other extremity of
the volume of interest. Once reaching the spectrometer, the
beams undergo the inverse procedure by being contracted
by the same beam expander and by being added to a sin-
gle radiation beam, generating constructive and destructive
interferences among them. Finally, the radiation is captured
by the detector, and an IR spectrum including information
on the analyzed analytes is created.

The open-path Fourier-transform infrared spectrometer
enables the measurement of volatiles in air samples for
indoor or even outdoor environments. It can be used for the
detection and quantification of volatile analytes from dis-
tances of a few meters to several kilometers; in this way, its
applications are wide and diverse. To evaluate the VOCs
emitted by food samples, namely spirits, vinegar, and grapes,
during their spoilage, an open-path FTIR spectrometer
device has been used [49]. The analysis was carried out in
different laboratory rooms having a 12X 8 x3 m? volumetry,
under the same conditions of temperature, ventilation, and
humidity, for all the distinct food samples. This protocol
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prevents eventual cross-contamination of different volatile
compound sources. Ethanol and ethyl acetate have been suc-
cessfully detected during the measurements; however, these
compounds are a common presence in indoor air environ-
ments. In this way, open-path FTIR spectroscopy suitability
for such a purpose cannot be assured. The same approach
was used for dynamic real-time monitoring of chloroform
emitted by an indoor swimming pool [50]. Considering the
measurements performed every 15 min during a complete
week, results showed that open-path FTIR spectroscopy
was able to, not only identify but also quantify the chlo-
roform emitted by the swimming pool water, in the range
of 13 to 182 ug/m? [50]. With the main goal of measur-
ing VOCs escaping from large petrochemical tanks, target
samples were diluted in a large volume of air and analyzed
with an open-path Fourier-transform infrared spectrometer
device. Five main VOCs have been successfully identified,
namely p-, m-, o-xylene, toluene, and benzene; all of them
are known for being emitted by petrochemical mixtures [51].
All the addressed studies are useful to understand the suit-
ability of open-path FTIR spectroscopy in the field of VOCs
assessment.

Another variant of the IR spectroscopy that has gained
relevance for the analysis of gases and, specifically of VOCs,
over the past years is the cavity ring-down spectroscopy
(CRDS) [52]. The CRDS is a direct quantitative absorp-
tion-based analytical technique setting its working principle
on the assessment of the variations in the rate of decay of
light when projected into a high-finesse optical resonator.
To briefly describe the measuring procedure, it is relevant
to enumerate a few of the main steps.

The target gaseous sample is prepared and positioned in
the interior of an optical cavity, commonly known as a ring-
down cavity that consists of highly reflective mirrors, with

reflectance above 99.9%. A laser pulse is projected into the
ring-down cavity; and because of the mirrors’ high reflec-
tance, continuous reflections will take place. At each reflec-
tion, a small fraction of the incident light is lost via transmis-
sion, leading to an intensity decay. This light-intensity decay
is known for presenting an exponential behavior [53, 54].
In an empty ring-down cavity, the ratio of intensity loss is
solely dependent on the fraction of transmitted light during
each reflection; however, in a scenario in which the cavity
contains a target sample, the ratio of intensity loss depends
equally on the interactions between the light and the absorb-
ing sample. During the analysis, the decay of light intensity
is measured as a function of time. From this feature, the cav-
ity ring-down time or decay time can be calculated, which
basically is the time required for the light intensity to reach
1/ . of its initial intensity [53, 55]. It can be represented as #:

d

= c((l —R)+als) @

In Eq. 4, d corresponds to the distance between the mir-
rors, ¢ is the light velocity, (1 — R) represents the decay in
the light intensity due to the successive reflections at the cav-
ity mirrors of reflectance R, « is the absorption coefficient of
the target sample, and [, is the length of the ring-down cavity
[56, 57]. Once registered, the decay time can be used for
identification purposes. The suitability of CRDS for ambient
air analyses was addressed by Pradhan et al. The study aimed
to assess the presence of acetylene in samples of ambient
air through cavity ring-down spectroscopy. Nonetheless, for
the successful qualification and quantification of the target
analyte, the authors had to implement a pre-concentration
process to prepare the samples for the analysis. This process
consisted of using a trap holding an adsorbent material that
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retained the target molecules [58]. As seen, the necessity of
employing pre-processing methodologies before the meas-
urements with the spectrometer is one of the main limita-
tions of CRDS. The suitability of CRDS for VOCs detection
and identification was equally demonstrated by Zhou et al.
To do so, the authors prepared volatile samples of ethanol,
ether, and acetone mixed in high-purity nitrogen at known
concentrations. Then, the ternary samples were positioned
in the ring-down cavity and analyzed with the spectrometer.
The authors were able to successfully identify and quantify
the analytes in the ppb, range of concentration proving the
capacities of CRDS for environmental monitoring applica-
tions [59]. Larracy et al. were able of using CRDS to detect
and identify VOCs in one of the most complex matrices, the
human exhaled breath. Once collected, the breath samples
of a cohort of 158 volunteers (96 healthy individuals and
62 non-small cell lung cancer patients) were tested with the
spectrometer. The CDRS technique enabled to differentiate
both groups with sensitivity and specificity levels up to 80
and 90%. In addition, authors could identify isopropanol,
dimethyl sulfide, and butyric acid as potential lung cancer
biomarkers in the breath [60]. These results prove the suit-
ability of CRDS for detecting and identifying VOCs even in
complex matrices.

Considering the characteristic decay time ¢, one can plot
1 / . as a function of the laser light frequency, which basically
represents the relationship between the absorption coeffi-
cient as a function of frequency. Considering the absorp-
tion cross-section of the sample, the plotted spectrum can
be used to calculate the concentration of the sample [57].

Fig.2 Schematic of the cav-

ity ring-down spectroscopy
experimental setup and working
principle. The main steps of a

Quantification limits ranging from 1076 to 10~ 3cm™ respec-
tively for traditional or high-resolution systems have been
reported. Consequently, the CRDS variant of IR spectros-
copy has gained relevance in the assessment of gaseous and
volatile samples in fields like environment, chemistry, and
health [54, 55]. Huang et al., for example, dedicated their
work to the detection and identification of VOCs, in spe-
cific biogenic VOCs emitted by the flora, responsible for
relevant environmental and climatic alterations. To do so,
the authors used a cavity ring-down spectroscopy device that
enabled them to identify a direct dependence of the emis-
sions of VOCs like acetone, methanol, and monoterpenes,
on the concentration levels of CO, and the temperature. The
identification of the analytes was achieved in ppm, levels
of concentration [52]. Schmidt et al. claim to have reached
detection limits down to ppb, levels during CRDS meas-
urements. These detection limits were achieved during the
assessment of acetylene, a common anthropogenic analyte,
in both indoor and outdoor air samples [61]. The addressed
results show the high-resolution capacities of the cavity ring-
down spectroscopy not only for the identification of VOCs
but also for their quantification. The described working prin-
ciple of the CRDS is schematized in Fig. 2.

Throughout the manuscript, the most relevant studies
are addressed. Table S1, in the Supplementary Materials,
summarizes the VOCs analyzed by infrared spectroscopy
in most of these studies. Concerning this information, it
is worth noticing that m-xylene [39-41, 51, 62, 63] and
toluene [38—41, 46, 51, 62-65] are some of the most com-
mon compounds in all the studies. Some other papers focus
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their results on one single or in a specific group of analytes,
for example, chloroform [50], limonene [66], and volatile
organic acids [67].

2.1.2 VOCs Quantification Through IR Spectroscopy

To address the VOCs quantification with IR spectroscopy,
it is necessary to understand how the final spectrum is pro-
duced. The output of a Fourier-transform infrared spectrom-
eter is a two-dimensional spectrum in which, the abscissas
axis is given in terms of wavenumber, ¥(cm™") and the ordi-
nates axis represents two possible quantities: transmittance
(%) or absorbance (%). Scaled in the decreasing direction
of wavenumber, the x-axis is normally distinguished into
three main sections: far-infrared, mid-infrared, and near-
infrared. These three regions correspond, respectively, to
< 400cm=1, 4000 — 400cm™!, and 13000 — 4000cm™". The
bands that appear along the spectrum have a direct rela-
tion to specific molecule vibration modes and are known
as group frequencies. Following the presence of different
functional groups, such as alcohol or ketone, specific vibra-
tional frequencies arise and their corresponding positions
appear in the spectrum. For example, molecules with alcohol
as a functional group have a specific spectrum band of over
3000 cm~! wavenumber, due to the O—H bond stretching. For
2000-1500 cm~!interval, the main bands arising are related
to the bond stretching of C=C and C=0, as happens for
ketone and ester functional groups. Although a molecule can
have several different bands in its spectrum, it is unnecessary
to acknowledge most of them. A specific group of absorp-
tion bands, known as a fingerprint, is enough to identify the
target molecule [32, 34, 35].

Transmittance and absorbance, represented from 0 to
100%, are complementary quantities typically used for the
infrared spectrum y-axis. Transmittance and absorbance are
a sample’s capacity to transmit or absorb radiation, and while
transmittance is normally chosen for spectrum interpretation,
absorbance is preferred for quantitative analysis. The ratio of
transmitted or absorbed radiation is proportional to the molec-
ular species concentration, meaning that a higher concentra-
tion corresponds to a larger radiation absorption [32, 34, 68].

Being [, the intensity of the incident radiation and / the
intensity of the radiation transmitted by the sample, trans-
mittance, T, is given by their ratio:

T=—
i 5)
As mentioned, the transmittance is vulgarly used as a
percentage value, and it can be related with the absorbance.
It is also common to express absorbance by the difference

between the logarithms of the incident and transmitted radia-
tion intensities:

A =logl, —logl = log<lio> = —logT 6)

Quantitative analysis can be carried out by using the
Beer-Lambert law, which defines a linear relation between
absorbance and the component of concentration. For the
case in which it is intended to analyze a gaseous sample
concentration, gas properties and the ideal gas law need to
be considered. In this way, the concentration of an element
in a sample can be obtained through a calibration curve,
specifically, an absorbance versus concentration curve which
allows one to determine the molar absorptivity [34, 35]. The
absorbance, A, for a volatile compound can be written as:

A= alP D

" RT

P corresponds to the pressure, R to the universal gas con-
stant, and 7T to the temperature, the same variables used in
the ideal gas law. The optical path through the sample is
represented by /, and a represents the component of absorp-
tivity at the considered wavelength [32, 68].

As an elucidative example, Fig. 3 represents a spectrum
of absorbance versus wavenumber for several VOCs detected
and identified by infrared spectroscopy. This kind of spec-
trum corresponds to the outcome of an IR spectroscopy
analysis as described above, in which the respective val-
ues of absorbance and wavenumber of each VOC are rep-
resented. Further details on these results will be addressed
later; however, it is worth emphasizing some issues at this
point. The spectrum of the figure includes the characteristic
peaks of eight VOCs identified during water sample emis-
sions. The target analytes were benzene (BENZ), toluene
(TOL), m-xylene (mXYL), o-xylene (0XYL), p-xylene
(pXYL), ethylbenzene (EB), trichloroethylene (TCE), and
tetrachloroethylene (TeCE). The spectrum is plotted in terms
of wavenumber and absorbance [38].

A considerably high number of scientific papers have
addressed the quantification of VOCs by infrared spectros-
copy. As for any other analytical technique, one of the cor-
rect approaches is to generate precise concentration level
standards of a specific compound, in a wide range of val-
ues, and obtain the corresponding calibration curve. This
process consists of correlating the spectrum’s absorbance
or transmittance, at a key wavenumber, with the concentra-
tion of standard samples. Besides of being straightforward
for liquid solutions samples, this approach is not so direct
for gaseous or volatile samples [41]. Most of the inde-
pendent studies address the mentioned procedure and the
related issues. For instance, Dettenrieder et al. [38] and
Mamaghani et al. [64] plotted their respective calibration
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curves having into consideration the proper parameters
for Eq. 7. To plot the mathematical model of the calibra-
tion curve, the computational process typically used is the
prediction model based on the partial least squares (PLS)
regression. This covariance-based method enables the
achievement of calibration curves for any type of VOCs
[37, 38, 45, 69].

As mentioned, coupling infrared spectroscopy with
other techniques is one of the most common approaches
for sample preparation. In the same way, other analytical
techniques can be used for concentration calibration. For
example, Kim et al. [39] used a hydrophobic polydimethyl-
siloxane polymer solution for the coating filter paper, as a
procedure for the preparation of known pre-concentration
headspace samples from water-emitted VOCs. Concentra-
tion values were assessed using gas chromatography-mass
spectrometry (GC-MS) reference values [39]. GC-MS
was also the technique used by Garde-Cerdén et al. to cali-
brate the concentration of VOCs emitted by aged red wines
[69]. Nespeca et al., in their turn, used a gas chromatogra-
phy—flame ionization detector for concentration reference
values assessment [67], and Kohl et al. preferred to use the
proton-transfer-reaction—mass spectrometry technique for
the same purpose [42].

Regarding the concentration range detected along some
of the mentioned works, parts-per-million (ppm,) and parts-
per-billion (ppb,) are the lowest concentration levels that
infrared spectroscopy, with or without additional techniques
and methodologies, could quantify [38, 44, 45]. Taking into
consideration all the independent studies and respective
results included in this chapter, infrared spectroscopy seems
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to be a good option regarding the detection, identification,
and quantification of VOCs.

2.2 lon Mobility Spectrometry

Initially developed for military purposes, ion mobility spec-
trometry (IMS) has recently gathered interest for a large
range of civil applications [70]. The range of applications
extends from simpler topics like food quality/spoilage evalu-
ation, product categorization, and fraud detection [71-73],
to more complex ones, such as security purposes, health
pathologies detection, and air quality assessment [10, 74,
75]. Ion mobility spectrometers have a set of specificities
that enable the detection of VOCs, and VOCs only, in terms
that no other analytical techniques allow. Their real-time
monitoring capacity, analytical flexibility and simplicity,
and high sensitivity make IMS one of the most widespread
techniques nowadays. In addition, it can be used in distinct
versions such as differential IMS (DIMS) and field asymmet-
ric IMS (FAIMS) or be coupled with additional techniques
like mass spectrometry (MS) or gas chromatography (GC).
In those cases, the coupling gathers in a single device the
advantages of each technique and creates an extremely sen-
sitive and selective new technique. The improved devices
have the remarkable capacity of identifying and quantify-
ing VOCs in concentration ranges down to parts-per-billion
(ppb,, 107™°) and parts-per-trillion (ppt,, 107'%). Even being
only capable of detecting and quantifying VOCs, since it
is completely blind to any other type of analytes, IMS per-
mits to achieve outstanding results in VOCs characterization
based on their size, weight, and shape, making it one of
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the most suitable techniques for air quality assessment and
control [76-78].

A complete procedure sequence using the IMS device
starts with the injection of a gaseous sample into the appa-
ratus, a procedure that does not require the employment of
vacuum systems. The injection of the sample into the spec-
trometer is usually preceded by some type of sample col-
lection or procedure to promote compounds volatilization,
which in the case of IMS normally involves the creation
of headspace. Since this technique only allows to measure
volatile samples, it is common that volatile compounds are
volatilized inside a glass vial or even in a sampling Teflon
bag at room temperatures. Once reached the thermodynamic
equilibrium between the liquid and the gaseous fractions of
the sample, the created headspace can be analyzed in the
spectrometer. The VOCs can be measured from pure sam-
ples, a mixture of distinct analytes, or even from a VOC-
emitting solid or liquid sample. For instance, to identify
VOCs by their respective retention time obtained in ion
mobility spectrometry measurements, pure samples of each
analyte were used by Levin et al. to create headspace which
was then injected into a GC-IMS device [79]. Yokoshiki
et al., in their turn, prepared a ternary mixture of VOCs for
quantification purposes. The mixture consisting of acetone,
ethanol, and diethyl ether was prepared inside a sampling
Teflon bag. For the analyses, flow rates of 0.05 L/min, 0.1
L/min, 0.15 L/min, 0.20 L/min, and 0.25 L/min were used
for carrying the samples into the spectrometer, with ambient
air used as carrier gas [80]. Headspace formation was also
the procedure selected by Jurado-Campos et al. during their
qualitative study. The authors prepared complex mixtures of
analytes at known concentrations in 20 mL glass vials. The
vials were then isolated to reach the thermodynamic equilib-
rium between the liquid and gaseous portions of the sample.
Once completed the process, the volatilized analytes were
analyzed with the spectrometer [81]. As seen, headspace
formation prior to the analysis by ion mobility spectrometry
is a very common and with the proven-results procedure to
measure VOCs. Figure S1, available in the Supplementary
Materials, exemplifies the headspace formation procedure.
In (a) the glass vial containing the compound is closed with
an aluminum cap with a septum and sealed with parafilm to
avoid eventual contaminations. In (b) two needles are used
to collect a portion of the headspace with a syringe or into
the spectrometer, for analysis.

The headspace created from VOCs can be categorized
into two main groups: static headspace and dynamic head-
space. For the static headspace, the sample is prepared,
isolated from exogenous contaminations, and left for a pre-
defined amount of time. During this period, the liquid and
gaseous portions of the sample interact, the analytes vola-
tilize, and a thermodynamic equilibrium is reached. Once
attained the equilibrium in the interior of the container, a

portion of the headspace is collected and transferred to the
device, usually with the help of a syringe and two needles.
This procedure is commonly employed when the study aims
to qualify or quantify a large number of discrete samples, at
a specific temperature, instead of evaluating continuously
their evolution or alteration over time, as for dynamic head-
space. Rodriguez-Maecker et al., with the purpose of iden-
tifying terpenes by IMS, opted for the static headspace to
prepare the samples. As in previously mentioned works, the
samples were prepared in 20 mL glass vials and isolated for
the headspace formation. In this study, however, the process
of volatilization was accelerated by subjecting the vials to
a temperature of 35 °C and agitation of 500 rpm for 5 min.
The described protocol enabled the successful identification
of more than two dozen analytes [82]. Vautz et al. adopted
a similar procedure to the one described above. Here, the
authors applied a temperature of 40 °C, for 10 min, to 20 mL
vials containing counterfeit money samples. Their main goal
was to test the suitability of several techniques for data-pro-
cessing the analytes existent in the emissions of the money
[83]. The increasing temperatures and vial stirring enable
faster volatilization of compounds that are already able to
become gaseous almost effortlessly at room temperatures.
Static headspace proved to be a suitable approach to ana-
lyze VOCs by IMS if the headspace is given proper time to
reach the equilibrium or if the volatilization process is insti-
gated under known and controlled parameters. Static head-
space is equally suitable for cases in which the evolution of
the characteristics of the samples over time is negligible.
In order to not affect the outcomes and to prevent eventual
exogenous contaminations, inert vials and adequate sealing
conditions should be ensured during the entire procedure.
For the dynamic headspace procedure, in opposition to the
static headspace, a continuous carrier gas flow passes through
the vial containing the VOCs-emitting sample and then, is
directed into the spectrometer. For example, to measure VOCs
emitted by plants and assess their impacts on humans, Vautz
et al. placed 3 g of leaves inside 20 mL vials and heated them
at 60 °C. As mentioned, this procedure accelerates the vola-
tilization process. Leaves from nine different common herba-
ceous plants were analyzed. A continuous flow of carrier gas
was flushed through the vial and directed into the spectrometer.
The used carrier gas was nitrogen with a flow of 100 mL/min
[84]. Similarly, a continuous airflow of 1 L/min was inserted
into vials with samples of carbon disulphide and uninterrupt-
edly transferred to the ion mobility spectrometer. This study
aimed to study possibly toxic chemicals in an industrial con-
text. To do so, the authors selected the static headspace as
the most adequate sampling procedure [85]. This dynamic
approach is often employed when the authors aim to include
the temporal variable in the study. Whenever the alterations of
the presence of VOCS or the variation of their concentration
levels through time is a relevant issue, the dynamic headspace
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is the procedure commonly selected for sampling preparation.
In summary, dynamic headspace allows a continuous analysis
rather than a discrete one as it occurs with the static headspace
technique.

2.2.1 VOCs Identification Through IMS

Once prepared and introduced into the IMS device, the sample
will suffer ionization by a radioactive (tritium or nickel) or by
a photonic source (X-ray ionization, for example). One of the
most common radioactive ionization sources is Tritium (> H)
(300MBg). Tritium spontaneously emits a high-energy parti-
cle, f~, as described in Eq. 8 [86]:

°H — ,’He + p~ 8)

The emitted f~ particle reacts with nitrogen, the inert gas
present inside the ionization chamber, to create background
ions from nitrogen. Background ions are equally known as
primary ions:

Ny+p~ > Nf+p~+e )

The emission of both f~ particles and primary ions occurs
through multiple and continuous reactions. Nitrogen primary
ions will then react with molecules of H,0, NH; or NO pre-
sent inside the ion mobility tube and create new ions. These
new ions, (HZO)nHJf, (HZO)nNHI, or (HZO)HNOJ: are called
reactant ions, and unlike primary ions, they are visible in the
final spectrum. Reactant ions form an intense peak visible
along the entire spectrum and named reactant ion peak (RIP)
[76, 87, 88].

All VOC:s of a sample react, in the next step, with the reac-
tant ions. In a scenario in which the sample is composed of a
single volatile analyte, M, the reaction between this generic
compound and the reactant ions occurs according to the
reaction:

M + (H,0) H" < M(H,0) _H* +xH,0 (10)

Fig.4 Schematic of a complete
measurement by IMS. The sam-

Tonization Source

, in which the x value is, of course, dependent on humid-
ity levels. Being a chemical bounding between protons and
molecules, the product ions of this reaction are protonated
monomers of the compound M. If the concentration of the
analyte is sufficiently high, the monomer can continue to
react with the remaining M molecules, giving rise to the
formation of protonated dimers. There is even the possibility
of larger clusters being formed, as follows [76, 87, 89-91]:

M + (H,0) __H* < M,(H,0) H* +iH,0 (11)

n—(x+i)

IMS is able of working in two different modes, positive
and negative. The previous reactions exemplify the positive
mode procedure. For the negative mode, the reactant ions
are formed due to the reaction of the primary ions with O,
molecules instead of H,0, NH; or NO molecules. Having
MX as a generic compound, its product ions can be created,
in negative mode, by associative or dissociative electron
attachments. Those reactions are represented in Eqs. 12 and
13, respectively [76].

MX + (H,0) 0, &M +X" +nH,0+0, (12)

MX + (H,0) 0, < (MX)0; +nH,0 (13)

Once created, the product ions are exposed to a homoge-
neous and weak electric field (500V /cm) that accelerates the
ions through the IMS tube. Figure 4 represents the action of
this field in the interior of the IMS tube during a complete
analysis.

The electric field acts along the tube and is provided by
equally spaced guard rings spread through the drift tube and
connected through a chain of resistors. Eventually, ions col-
lide with the inert neutral gas molecules causing them to
decelerate. Still, under the electric field effect, product ions
gain velocity until undergoing a new collision [76, 88]. The
sequence of collisions will make the ion velocity tend to an
ion-specific value, denominated ion drift velocity, v,. Drift
velocity, as mentioned, is different for distinct compounds,

Shutter Grid Electric Field Faraday Plate

ple is ionized in the ionization /
chamber, and the formed ions
are exposed to an electric field
that will enable the detection of
each VOC at their specific drift
and retention times

|

L

N
Gas Out

a s

é Drift Gas

Direction of ions movement

Ionization Chamber

@ Springer

Drift Region 3 Detector 5



Emission Control Science and Technology (2023) 9:25-46

35

and it can be related to the electric field magnitude, E,
through the ion mobility constant of the analyte, K, [76, 92]:
Va
K=—
- (14)
Additionally, drift velocity can be calculated by the ratio
between the IMS tube length, L (around 98mm), and the time
that product ions take to cross that same length.

as)

The drift time, ¢, corresponds to the time each ion takes
to go through the entire IMS tube, and it enables a new for-
mulation for the ion mobility constant, K, [87, 93]:

- L
= Er, (16)

Ion mobility constant, however, may depend on pres-
sure, P, and temperature, 7, conditions. To circumvent
this effect, it is common to normalize its value to standard
environmental pressure, Py, = 760Torr, and temperature,
T, = 273.15Kelvin. With this calculation, the so-called nor-
malized ion mobility constant, K, arises [88, 94]:

-x(2)(%)

As mentioned, both ion mobility constant and drift time
are constant and sample-specific values; in this way, the
ratio between K and ¢, is also a parameter that can be
used for VOCs’ differentiation. It is worth reinforcing that
the entire described procedure occurs at both atmospheric

a7

Fig.5 Example of a three-
dimensional spectrum plotted
after an ion mobility spectrom-
etry analysis, in which some
VOC:s are identified (1: mono-
mer of ethanol, 2: monomer of
2-propanol, 3: dimer of ethanol,
4: monomer of acetone, and 5:
dimer of 2-propanol)

Intensity (V):

Retention time (s)

Drift time (ms)

|
0.0280]

pressure and room temperature and does not require the
utilization of vacuum systems to operate.

When the product ions reach the IMS tube end, they
are detected through a Faraday plate at their specific drift
times. In this way, two coordinates are achieved by the
IMS measurement: the drift time (ms) and the ions’ inten-
sity level (V). Considering the distinct techniques that can
be coupled to the IMS, the final spectrum of each varia-
tion presents differences. For the scenario where the IMS
is coupled to a gas chromatography column, for exam-
ple, a third coordinate is also represented in the plotted
spectrum, defined as retention time, r,, (s). This tempo-
ral value corresponds to the time each compound needs
to go through the entire chromatographic column and is
directly related to the compounds’ capability of adsorb-
ing to the column walls [77, 78, 95]. A GC-IMS three-
dimensional spectrum is, thus, generated as follows: the
x and y-axis represent drift (ms) and retention (s) times,
respectively; a third coordinate, typically represented by a
color scale in a two-dimensional view, corresponds to the
components’ intensity (V). The intensity is directly related
to the concentration of each compound presented in the
analyzed sample. In other to quantify all the analytes, a
calibration protocol must be applied to obtain a calibration
curve which, in turn, is used to convert intensity values to
concentration values [76, 96]. Figure 5 represents an ion
mobility spectrometry spectrum, from a room air sample,
in its two- and three-dimensional views, in which some
of the represented VOCs are identified (1: monomer of
ethanol, 2: monomer of 2-propanol, 3: dimer of ethanol, 4:
monomer of acetone, and 5: dimer of 2-propanol, among
many others) [97].

i
1.267M
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Considering the capacities and measurement procedures
of the IMS, considerable studies have been undertaken
around the identification of VOCs. For example, Szczurek
et al. used IMS to identify three VOCs in humid air samples.
Known as BTX, benzene, toluene, and xylene are commonly
described as hazardous VOCs for both environment and
human beings. To identify these compounds through IMS,
a distinct sampling dynamic procedure, known as permea-
tion tubes, was used by the authors [98]. A permeation tube
consisting of a PTFE or other inert material manufactured
tube was filled with the compound intended to be analyzed.
The analytes were set to permeate through the tube’s wall,
and a carrier gas with a pre-defined flow was used to drag the
VOC:s into de spectrometer. Regarding this sampling proce-
dure, permeation tubes enable easy control of temperature
and control of the VOCs permeation rate through the tube
walls. Such characteristics favor the assessing of the ana-
lyzed concentration levels; in this way, permeation tubes
are one of the most frequently used sampling procedures for
identification and quantification purposes. An exemplifica-
tive schematic of a permeation tube is included in Figure S2,
in the Supplementary Materials.

Ruzsanyi et al. also used a system of permeation tubes for
calibration of the results obtained by ion mobility spectrom-
etry regarding human-emitted VOCs, such as acetaldehyde,
acetone, hexanal, and others [75]. In their turn, Fernandes
et al. having in view the development of a calibration meth-
odology assembled Teflon permeation tubes with 0.2 mL
samples of pure 2-hexanone. These 5 cm length tubes were
maintained in a thermogravimetric device for an accurate
control of temperature (40, 60, and 85 °C) and flow (25, 50,
100, 150, and 200 mL/min). VOCs were, then, analyzed by
GC-IMS [99].

For some situations, it is not intended to analyze specific
compounds but rather a group of VOCs emitted by some
sample. Biological samples are an example of those situa-
tions. For instance, the identification and quantification of
analytes emitted by the human body are a way of assess-
ing eventual pathologies or even inferring about exposure
to hazardous compounds. For such scenarios, distinct sam-
pling techniques can be applied. As an example, a body ple-
thysmography chamber was successfully used by Mochalski
et al., for monitoring VOCs released by the human body,
namely, via skin and exhaled breath [24]. Under this situa-
tion, the human body is the VOCs-emitting sample, and the
chamber works as a vial of large dimensions in which the
headspace reaches stability for analyzing all human-emitted
volatile compounds. If the goal is to collect and evaluate
VOCs from specific locations or sources, more specific
techniques are usually the proper choice. For specific com-
pound collection, but still in human body sampling, Vautz
et al. designed and manufactured a 5 mL sampling Teflon
chamber for a local collection of skin-emitted VOCs. A

@ Springer

humidity-temperature sensor was implemented in the inte-
rior of the chamber for accurate control of these two quanti-
ties. A carrier gas at the constant flow of 1 mL/min passed
through the chamber to transport the emitted VOCs into de
GC-IMS. This procedure enabled to successful detect 15
VOCs, and 9 of these, like 3-octanol, benzaldehyde, decanal,
or propionic acid, were identified [100]. A similar setup has
also been developed by Ruzsanyi et al. [101]; however, the
selected material for chamber manufacturing was stainless
steel. A constant airflow of 3 mL/min was used for drag-
ging the VOCs into the spectrometer. Since they are inert,
i.e., they do not emit contaminant analytes, both Teflon and
stainless stell are good options for chamber manufacturing.
In addition, they enable effortless sterilization after each
use, which constitutes another advantage. Having the goal
of investigating the variation of the concentration of several
analytes in human breath over a specific amount of time,
Bunkowski et al. collected samples of exhaled air using
sample loops of 10 mL. After the collection, the samples
were transferred to the spectrometer inlet for analysis. This
procedure enabled the identification of VOCs like decanal,
1-hexanol, and d-limonene, among other human-borne ana-
lytes [102].

Sample loops, typically made of stainless steel, are
another ordinary technique used for collecting and trans-
porting analytes. They are commonly used for human breath
collection since they enable to maintain the sample at homo-
geneous conditions of temperature and humidity during the
process, which extends from the collection to the analysis,
preserving its metabolomic characteristics. In these cases,
the extremities of the sample loops are usually connected
to a mouthpiece for exhaled breath collection and to the
spectrometer. This exact method was used by Bessa et al. to
collect breath samples of patients with chronic obstructive
pulmonary disease. After collection into a 10 mL sample
loop, samples were analyzed by ion mobility spectrometry,
and as happened in the previously addressed work, typical
exhaled breath analytes, like acetone or decanal, were suc-
cessfully identified [103]. The main limitation of using any
kind of technique for exhaled breath sample collection is the
eventual accumulation of liquid-phase droplets, which may
cause drawbacks during ion mobility spectrometry analysis.

As seen from Eq. 10, the humidity present in the IMS
analysis directly affects the results, in such a way that, the
eventual accumulation of liquids from breath will alter the
obtained results; however, if the analysis is done under opti-
mal conditions, IMS even enables pattern recognition. For
example, Santos et al. were able to use IMS for the differ-
entiation of two portions of the exhaled breath, the alveolar
portion and the oesophageal portion. A cohort of 31 healthy
volunteers was used for exhaled breath analysis through
IMS. To do so, a prototype for collecting exhaled breath
samples was developed by the authors and utilized during
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this work. Once collected, the samples were injected into
an IMS device, and the results were statistically processed
through partial-least square discrimination (PLSDA) and
principal component analyses (PCA). The main goal of the
authors was to assess the suitability of IMS to differenti-
ate both portions of exhaled breath. The outstanding sen-
sitivity of ion mobility spectrometry enabled the authors to
achieve an almost perfect classification of both groups from
the cohort. The principal components calculated during the
principal component analysis enabled a distinction of both
groups of almost 100%. To be more specific, the sum of all
the components, also known as the total explained variance,
reached levels of 97.9%. If IMS proved to be capable of
distinguishing such complex samples almost perfectly, then,
its suitability for overall VOCs detection is evident [104].

Ion mobility spectrometers allow, not only, measurements
from sampling reservoirs, but also in-situ measurements. Air
samples in these scenarios can be collected directly from
the air by the device or collected by some inert material
pump and transported to the spectrometer. If the goal is to
investigate the exogenous factors that may eventually influ-
ence exhaled breath analysis, IMS devices enable to auto-
matic measure room air samples at regular time intervals for
continuous analysis of, not only, the presence, but also, the
concentration variation of VOCs [105]. This automatic capa-
bility of measuring in-situ air samples also enables IMS to
continuously control all the VOCs emitted during industrial
processes. Yang et al. used GC-IMS and other techniques to
evaluate the VOCs responsible for the strong odor felt dur-
ing industrial fermentation processes, and they were able to
successfully detect and identify the main sources of the com-
pounds 2-methyllisoborneol and geosmin, and even some
aldehydes like hexanal, octanal and decanal [106]. Factories,
public spaces, workshops, and other public spaces with a
high influx of people or continuously exposed to chemical
compounds emission require careful and permanent control.
Due to their in-situ measuring capability, ion mobility spec-
trometers are among the most suitable analytical techniques
for such studies. In scenarios where the device cannot be
placed exactly at the target location, it can be assembled in
a nearby location, and a reservoir can be used for the col-
lection and subsequent sample transportation. In fact, this
limitation was faced by Moura et al. Due to the impracti-
cability of placing the GC-IMS in all the target locations
and performing in-situ measurements, a 1 L capacity inert
Teflon pump was used for collecting and transporting the
air samples to be analyzed. This procedure prevented even-
tual contaminations by exogenous compounds or exposi-
tion to environmental conditions that could lead to sample
degradation. Even not consisting of in-situ measurements,
the authors’ approach was considerably similar as samples
were collected and almost immediately inserted into the ion
mobility spectrometer for analysis [10].

Independently of the selected method among all the afore-
mentioned ones, each study has its own target compounds
for identification. In general and independent of the type
of procedures, all the addressed works provide a list of the
identified or analyzed VOCs. Acetone, being one of the most
common VOCs in room air, was identified in several inde-
pendent studies [10, 24, 75, 79, 80, 106—108]. Similarly,
ethanol is also a very common analyte, being identified in
[10, 79-81, 106]. Among all the addressed works under-
lying this review, hexanal is the most common analyte to
be identified [10, 24, 75, 79, 105, 106, 108, 109]. On the
other hand, some volatile compounds were only identified
in a small number of papers. Ammonia and acetophenone,
for example, were only found by Vautz et al. [108]; 2-pro-
panol was identified by Ireland et al. [110]; ethyl acetate was
only detected by Moura et al. [10], and terpenes have been
addressed by Rodriguez-Maecker et al. [82], with a large
group of specific analytes, such as limonene, a-pinene, and
B-pinene being identified in this work. Atrazine and simazine
have been stressed in the work by Kalhor et al. [111]. Gener-
ally speaking, it is possible to see identical results in inde-
pendent studies with a similar goal, which gives consistency
to the IMS technique. For instance, being the detection of
human metabolites as the main goal, some VOCs were found
to be characteristic of human presence, namely, nonanal,
octanal, and acetone, all detected in four of the addressed
studies [24, 75, 108, 109]. As mentioned, acetone is a com-
mon air compound; however, nonanal and octanal seem to
be human-characteristic. Benzaldehyde, heptanal, acetic
acid, 2-pentanone, and decanal were identified in at least
two independent studies on human emanated analytes, [24,
75, 105, 108, 109], proving that they should be targeted with
a more profound study and, again, showing the IMS results
consistency. Not being able to exhaustively analyze all the
addressed works, Table S2 in the Supplementary Materials,
summarizes all the identified VOCs by ion mobility spec-
trometry, enabling a direct comparison among independent
works.

2.2.2 VOCs Quantification Through IMS

Moving from the sampling procedures and VOCs identifi-
cation to their quantification, some scientific work has been
done regarding the issue of the establishment of calibra-
tion protocols for IMS. Unfortunately, the relation between
the VOCs concentration and the signal measured at the
Faraday plate is a rather complex topic, which involves
kinetics and thermodynamics. At this point, it should be
considered that, as mentioned, one of the main limitations
for the quantification through IMS is the humidity pre-
sent in the drift tube, which can affect the IMS sensitiv-
ity [112]. Another issue that should be considered is that
IMS presents some limitations regarding the analysis of
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high-concentration compounds due to the saturation of the
ionization source and the depletion of reactant ions. IMS
devices that use radioactive ionization sources, like tritium
or nickel sources, present a linear behavior for concentra-
tion versus intensity but solely for very low concentra-
tion levels. However, when the concentration is seen to
increase, the calibration curve exhibits a plateau, limiting
the concentration range of analysis. In this way, a typical
calibration curve for this type of IMS has a logarithmic
behavior [113]. For IMS devices that do not use radioac-
tive ionization sources, like the ultraviolet (UV)—IMS, the
calibration models for the concentration/intensity relation-
ship have been reported as linear [114].

The VOCs quantification through IMS is a rather complex
process with several variables to be considered; nonetheless,
Puton et al. described pretty well the theory behind the rela-
tion of a VOC concentration and the magnitude of the detected
signal, with detailed information and a careful approach, for
the scenario of a spectrum presenting contributions from the
RIP (r) signal and stable monomer (m) and dimer (m2) signals,
without any analyte decomposition during the periods of ioni-
zation and drift [115]. Considering v; the drift velocity for ion
of a given kind i of ions, and ¢ the time, the ion concentration
n; in the reaction region is obtained by the following balance
equation:
on; .

Fri dzv(niv,-) +D;An;+P,—L; =0 (18)

In Eq. 18, D, represents the diffusion coefficient, P; is the
component representing the resulting ions from the ionization,
and L, corresponds to the rate of ions loss due to recombination
between them.

Considering k,,, and k,,,,;, the constant rates of monomer
and dimer formation, respectively represented by Eqs. 10 and
11, and since the signals in consideration are just the RIP (r),
the monomer (m), and the dimer (m2) of a single analyte M,
Eq. 18 can be solved for each of these ions, as follows:

on, kg N
= — +—n,(0)=0
ox ke Txem0 (192)
on,, kgt KupaPar
ox < KE )” ( K g ) (195)
anm2 kmMnM
ox < szE n, an( ) (19C)

In the set of Eq. 19, x is the drift tube length, the electric
field is represented by E, K; is the ion mobility constant of
the type I of ions, and N, corresponds to the rate of reac-
tant ions production. By solving this set of equations, it is
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possible to obtain the expression for the concentration of
RIP (n,), monomer (#n,,), and dimer (7,,,), as follows:

N,
e = i (11— exp(=amyx)) (20a)
Ny 1 amexp(—arxnm) - a,exp(—amxnm)
= annM - ap — a,
(20b)

2 _ _ 2 _
n _ NOamZ n a, +a, + amexp( arng) arexp( amng)
o = —
kmM ny a,q,

m a,ay, (am - ar)

(20c)
where a,, a,, and a,,, are constants given by:
krM
a, = KE (2l1a)
kmM
a,, = X E (21b)
kmM
Ay = K E (21o)

Once theoretically defined the concentration values, their
relationship with the signal detected at the Faraday plate is
then given by:

S; = yKin;(xgg) (22)

where y is a proportionality constant, and xgy is the length
of the reaction section inside the ionization chamber. The set
of Eq. 19 and Eq. 20 shows that a calibration curve relating
the concentration, and the signal intensity values is rather
complex and not straightforward to deal with. By analyzing
each contribution individually, it is expected that the inten-
sity of the detected signal from RIP decreases with concen-
tration since the reactant ions are being used for monomers
and dimers formation. Regarding the monomer and dimer
behaviors, it is expected the monomer intensity to increase
with the increase of concentration, but due to the increase
of dimer intensity, the monomer intensity starts decreasing
after a certain limit. Figure 6 sketches the characteristic
behavior of RIP (blue line), monomer (red line), and dimer
(black line) for the relationship between their respective con-
centration and intensity, for a generic scenario with arbitrary
units [115].

The dimer behavior is the more complex one. Consider-
ing Egs. 20c and 22, the relationship between the concen-
tration and the dimer relative intensity can be expressed
by the equation.
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For better analysis, Eq. 23 can be further simplified and
represented by:

S =Al — A2 + ﬁexp(—A4 * nM) - £exp(—A6 * nM)
Ny Ny v
(24)
where:
Al = YK (xRR)NOamZx (252)
kmM
AD = meZ ('xRR)Noam2 (ar + am) (25b)
kmMaram
YK - (xpp ) Nya, ,a>
A3 = m2( RR) 0“m2%y, (ZSC)
kmM (aram (am - ar))
Ad=ax (25d)
YK, o (Xgr ) Noa,, af
A5 = m2( RR) 0%m2 (25¢)
kmM (aram (am - ar))
A6 =aqa,x (25¢%)

In this way, it is clear that the dimer behavior is com-
posed of three main parcels which have been plotted in
the graph in Fig. 7. Essentially, it represents the three par-
cels: a hyperbola (red line), two exponential-like func-
tions (blue and green lines), and the complete dimer curve
(black line).

Considering the several procedures for VOC calibration
through IMS, the most commonly found approach in scien-
tific works consists of the acquisition and analysis of pre-
developed multi-compound calibration mixtures. In such a
procedure, a mixture of several liquid compounds with their
respective concentration values is created by certified manu-
facturers. The intensity values measured from such mixtures
can be directly related to the respective concentrations deliv-
ered by the manufacturer, defining a calibration equation.
This was the chosen approach for the calibration process of
all the identified human metabolites in Mochalski et al.’s
work. With the concentration ranging from 10 ppb, to 100
ppm, for each analyte, the authors were able to calibrate and
define concentration values for all the skin and breath VOCs.
Lower concentrations were also measured by diluting the
original mixtures at ratios of 1:2000 and 1:3000 [24]. Since
the employed mixtures are developed by certified companies
that comply with all the scientific regulations, they tend to
be among the most accurate ways of calibrating one or sev-
eral analytes, which describes a major advantage for these
procedures. Besides the mentioned advantages, the standards
of analytes should not be blindly trusted. As with any other
process, the production of analyte mixtures is not invulner-
able to inaccuracies, so they must be previously checked and,
if possible, tested against previously certified samples. The
mixtures’ prices, typically in the range of some hundreds,
represent an equally relevant disadvantage of this procedure.

The exponential dilution method is another common
approach for attaining different concentration values in
a sample. This process consists of inserting a very small
but known amount of compound in a much large container
and leaving it for headspace equilibrium, enabling the
obtention of the desired concentration value. Successive
dilutions of the same sample, using a gas blending device,
lead the concentration to exponentially decrease, ena-
bling the plotting of the calibration curve. Bocos-Bintin-
tan et al. used this methodology for carbon disulfide
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calibration [85]. Having ppm, as target levels, the authors
achieved concentration values between 0.10 ppm, and 15
ppm, by diluting, for example, 10 pL of carbon disulfide
in a 10.6 L container filled with air. During the quanti-
tative analysis of Gao et al.” work, the desired calibra-
tion standards of 50, 100, 200, 500, and 1000 ng/L were
achieved by diluting pre-prepared mixtures with known
concentrations, in ultrapure deionized water, which was
later volatilized. A calibration curve was plotted for the
five mentioned points, to represent intensity against con-
centration values [107]. One of the main limitations of
sample preparation and respective dilutions is the vola-
tilization process; however, some gas generator devices
can simplify this procedure. In fact, for such a goal, a
vaporizer was used by Ruzsanyi et al., which enabled the
diluted samples’ volatilization and analyses within the
concentration range of 0.2-30 ppb, [101].

Being one of the addressed sample preparation tech-
niques, PTFE permeation tubes are also frequently used
for calibration purposes. As already mentioned, these
tubes are typically filled with pure compounds, and
then, by controlling temperature and flow, it is possi-
ble to calibrate their emission rates and respective con-
centrations. For example, permeation tubes have been
used by Ruzsanyi et al. not only for VOC identification
but also for quantification [75]. This procedure allowed
authors to attain a concentration range of 50-200 ppb,
for target compounds, such as acetaldehyde, propanol,
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acetone, or isoprene. Similarly, Ireland et al. described
a complete experiment for 2-propanol calibration with
14 cm length PTFE permeation tubes filled with approxi-
mately 3—4 mL [110]. Reyes-Garcés et al., in their turn,
also used permeation tubes to plot calibration curves for
a-pinene (y(x) = 251.8x + 186.3, R? = 0.9962), limonene
(y(x)=318.4x+15.7, R>=0.9973), and acetone
(y(x) = 484.7x + 100.2, R?> = 0.9962). These linear cali-
bration curves equations were attained because authors
only considered the linear section of the data; in other
words, they are only suitable for the lower values of con-
centration (linear section of the graph) considered in the
study and not for the overall dataset [113]. Fernandes
et al. filled 2 cm long PTFE permeation tubes with
0.2 mL of 2-hexanone having as the main goal, the plot
of the respective calibration curve. The tubes were kept
inside a thermogravimetric device to be continuously
controlled regarding temperature, weight, and flow. The
authors identified a monomer and a dimer of the 2-hex-
anone in the three-dimensional IMS spectrum. For the
specific case of 2-hexanone, the random M compound
in Eqgs. 10 (monomer) and 11 (dimer) is now substituted
by the compound under analysis, 2-hexanone, leading
to the formation equation of the 2-hexanone monomer,
Eq. 26, and to the formation equation of the 2-hexanone
dimer, Eq. 27 [99].

Ce¢H,0 + (H,0) H* < CeH\,0(H,0) _H* + xH,0
(26)
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CsH,0 + (H,0), H* < (C4H,,0),(H,0) oyt +iH0

n—(
27

As mentioned, IMS devices that use a radioactive
ionization source have a limitation in analyzing higher
concentrations. In these scenarios, the calibration curve
obtained for the relationship between concentration and
intensity tends to a plateau and is expressed in logarith-
mic terms. Figure S3 of the Supplementary Materials
represents the calibration curve achieved for 2-hexanone
by Fernandes et al., whose data was fitted with a loga-
rithmic equation. The intensity values correspond to the
sum of the IMS signal volumes of both the monomer and
dimer of the 2-hexanone. The formation of protonated
dimers and even larger clusters are typical in IMS meas-
urements, and this is the scenario for 2-hexanone. In this
way, the total concentration emitted by the permeation
tubes has to be related to the sum of intensities and, spe-
cifically, peak volumes, of both monomer and dimer of
2-hexanone. The corresponding calibration equation and
respective R? are included in the graph of Figure S3 [99].
Nonetheless, the results are debatable since the logarith-
mic curve has no scientific base to be suitable for IMS
data modeling. The correct approach considered by the
authors should have been the one addressed in Eqgs. 18,
19, 20, 21, 22, 23, 24, and 25, although, as mentioned, it
is not a straightforward process, and it is a rather com-
plex fitting.

As seen, calibration procedures for VOCs quantifi-
cation by IMS are still very demanding research top-
ics; however, some work is being done about it. This
might not be a major drawback as IMS is suited to detect
traces (say ppt, to ppb,) of VOCs rather than moderate or
high concentration levels, for which the device has to be
adjusted. Nonetheless, the calibration procedures for IMS
still require a much deeper study before being completely
established and understood.

Taking into consideration all the independent studies and
respective results included here, ion mobility spectrometry

seems to have more advantages than disadvantages regard-
ing the detection, identification, and quantification of VOCs.

2.3 IR Versus IMS

Taking into consideration the characteristics of each tech-
nique and all the differences between infrared spectroscopy
and ion mobility spectrometry regarding VOCs detection,
it is possible to confront them, in a comparative way. This
comparison is summarized in Table 1.

As mentioned, infrared spectroscopy detection limits are
not low enough to allow the detection of traces of VOCs in
air samples; however, its use with additional techniques or
methodologies, like photo-ionization detectors or chemo-
responsive dyes, enables VOCs detection and quantification
(quantification occurs at a minimum level of ppm, or, rarely,
at ppb,). Ion mobility spectrometry can detect analytes at
levels of ppb, and even ppt,; nonetheless, it only enables
the analysis of volatile samples, while IR spectroscopy can
analyze all kinds of samples (solids, liquids, gaseous). On
the other hand, IMS can only evaluate organic compounds;
however, IR spectroscopy applies to a much larger range
of analytes. Regarding sample preparation, IMS does not
require special preparation or additional techniques. It can
even perform in-situ air samples analysis. In its turn, infra-
red spectroscopy generally requires a more complex sample
presentation or even the use of additional methodologies.
For both techniques, measurements can be carried out in
an almost real-time regime, with both techniques requiring
more or less complex spectra processing after the analysis,
as well as trained users for both analysis and data assess-
ment. Coincidently, the humidity levels during the analy-
ses are a limitation and an issue for both techniques. For
quantitative analysis of the compounds, infrared spectros-
copy provides a well-established, direct, and linear relation
between absorbance (or transmittance) and concentration
levels while in IMS, calibration curves necessary to convert
intensity in concentration levels still require some research
and protocol development. The costs of both techniques are

Table 1 Direct comparison

. Technique characteristic
between infrared spectroscopy

Infrared spectroscopy Ion mobility spectrometry

and ion mobility spectrometry Detection limits

Sample type

Compounds

Sample preparation
Additional techniques
Real-time

Pattern recognition
Quantitative procedure
Trained staff requirement
Portability

Cost

ppm,—ppb, ppb,—ppt,
Solid/liquid/gaseous Volatile
Organic/inorganic Organic

Frequently necessary Rarely necessary

Necessary Necessary

Quasi Quasi

Good Good
Well-established Under development
High Low

Yes Yes

High High
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Table 2 Ion mobility
spectrometry SWOT analysis

Ion mobility spectrometry SWOT table

Strengths
Detection limits
Concentration range
Almost real-time

In-situ measurement

Adaptability to distinct scenarios

Portability
System’s simplicity

Opportunities

Possible coupling with additional techniques

Calibration protocol development
Machine learning algorithm implementation
New and distinct applications

Weaknesses
Sample type
Lack of a library of analytes
Lack of calibration procedures
Price

Threats

Exposure to hazardous environments leading to the
adulteration of the sample

Possibility of device damages during in-loco measurements
Costs of maintenance

relatively elevated, and concerning portability and applica-
bility to distinct scenarios, an ion mobility spectrometer can
be used in practically every location for off-line or on-line
analysis; however, an infrared spectrometer does not offer
such ease for location-specific measurements and requires
additional preparation before the analysis procedure. Even
having the possibility of assembly integrated IR systems
for in-loco measurements, their complexity is much higher
when compared with the IMS device assembly.

To help clarify even more the most recent of the addressed
techniques, ion mobility spectrometry, a SWOT analysis
was carried out, and it is featured in Table 2. The SWOT
analysis is an expeditious strategic technique that enables
the assessment of strengths (S), weaknesses (W), opportuni-
ties (O), and threats (T) of the subject under analysis. When
applied to characterize an analytical technique, it allows for
portraying its main advantages (strengths), disadvantages
(weaknesses), issues requiring development (opportunities),
and topics that may negatively influence or affect both the
measurements/results and the device itself (threats).

3 Conclusions

Anthropogenic volatile organic compounds, if present in a
location at toxic concentration levels, may represent a threat
to the environment and all living beings. Their presence in
both indoor and outdoor environments can be equally haz-
ardous to people due to their capability of passing through
biological tissues; in this way, the detection, identification,
and quantification of VOCs is a mandatory issue that must
be carefully addressed.

In this work, both advantages and disadvantages of infra-
red spectroscopy and ion mobility spectrometry as suitable
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techniques for VOC analysis and assessment have been
addressed. A deep search of the literature was carried out
on each technique having in view the practical applications.
Relevant scientific studies were selected for a careful seriali-
zation, and the most pertinent were reviewed in this paper.
Different methods of sample preparation were included, as
well as tables summarizing the VOCs studied in each paper,
for both techniques. The quantitative analysis approached
by the main works was also referred to and included in the
respective sections. A final chapter summarizing the general
comparison of both infrared spectroscopy and ion mobility
spectrometry was included in the review.

The addressed techniques revealed positive and negative
points concerning VOC assessment. To decide which one
is the most suitable, you need a deeper knowledge of the
scenario in which the technique is going to operate, the sam-
ple’s state of matter and type of compounds that are intended
to be measured, and what are the main goals of the study
in question. Regarding IR spectroscopy, due to its poorer
detection limits than the IMS limits, the necessity of sample
preparation, and the requirement of additional techniques
or procedures, this analytical technique seems to have sev-
eral limitations concerning VOCs detection, identification,
and quantification. Nonetheless, IMS detection limits of
ppb,-ppt,, portability, analytical simplicity, and high sensi-
tivity, among all the mentioned features, largely outweigh the
maintenance costs and the lack of solutions for non-volatile
sample analysis. In this way, IMS seems to be the best choice,
instead of IR, for most of the scenarios.
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