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VOC Detections with Optical Spectroscopy
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Abstract—Volatile organic compounds (VOCs or VOC) have received increasing attention recently.
They are important Parameter index for air quality monitoring, and biomarkers for diseases diagnosis.
For the gas sensor community, various detection technologies were explored not only to detect total
VOCs, but also aim for sensor selectivity. Commercially available VOC sensors, such as metal oxide
based or photoionization detectors, are suitable for total VOCs but lack of selectivity. With the
advancement of optical spectroscopy, it provides a good solution for specific VOC detections. In
this review, various spectroscopy techniques are summarised focusing on increasing sensor selectivity
and sensitivity. The techniques considered in the paper are, non-dispersive infrared, multi-pass
cell spectroscopy, cavity enhanced absorption spectroscopy, photoacoustic spectroscopy and Fourier
transform infrared spectroscopy. Each technique has its advantages and disadvantages, which are also
discussed.

1. INTRODUCTION

Volatile organic compounds are organic compounds with low boiling points and exist as a gas at room
temperature. They can be produced by industrial, pharmaceutical and agricultural processes, emitted
by plants and animals, and are responsible for water and indoor air pollutions. They also play a major
role in the production of tropospheric ozone and organic aerosols through complex chemical reactions
with nitrogen oxides. The detection of VOCs is vital for various purposes. For instance, VOCs produced
by fungi and bacteria can be used to monitor food freshness and spoilage [1,2]; VOCs were studied for
plant evolution [3] and construction site safety [4]. Exposure to VOCs can lead to serious human health
concerns, such as respiratory diseases, allergies, and immune-related effects [5]. In addition, VOCs are
also important biomarkers for diseases diagnosis, such as lung cancer [6], diabetes [7], and microbial
infections [8].

VOCs can be categorized based on compound volatility (very volatile, volatile and semi-volatile),
and some typical examples include propane, butane, formaldehyde, ethanol, etc. Commonly, they can
be monitored by devices such as metal oxide sensors, electrochemical sensors, photoionization detectors
(PID) and flame ionization detectors (FID). These devices are commercially available to purchase, and
even tuned to detect a specific category. Optical spectroscopy provides an alternative solution for VOC
detection that is high in accuracy and resolution, with the possibility to detect multiple species at
the same time. The basic principle of the optical detection system is based on the unique absorption
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Figure 1. Typical infrared absorption windows for compounds with different molecular structures [9].

wavelengths (i.e., fingerprints) of the VOC gas molecules on the infrared spectrum, as seen in Fig. 1. It
is also based on the Beer-Lambert Law, which corresponds to the relations among the transmitted light,
incident light and gas cell length. In this paper, various optical spectroscopy methods are reviewed and
discussed, including non-dispersive infrared, multi-pass cell spectroscopy, cavity enhanced absorption
spectroscopy, photoacoustic spectroscopy, and Fourier transform infrared spectroscopy. One of the key
advantages of the optical spectroscopy methods is the high selectivity (i.e., one specific gas will be
target, instead of detecting similar compounds). This will also be the focus of this review.

2. SPECTROSCOPY METHODS

2.1. Non-Dispersive Infrared (NDIR)

Among all the infrared spectroscopies, non-dispersive infrared (NDIR) gas measurement is one of the
simplest techniques which has been widely used for carbon dioxide detections. It is easy to implement,
has lower power consumption compared to other techniques, and suitable for commercialization [10].
NDIR, as the name suggests, does not require a dispersive element or a monochromatic for gas sensing.
It is commonly comprised of an infrared light source (i.e., diodes, laser, thermal emitter, etc.) and a
detector (i.e., thermopile, photodiode, etc.) housed in a gas sampling chamber. Fig. 2 below shown a
typical NDIR structure with the source and detector in a face-to-face arrangement.
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Figure 2. A typical NDIR sensing system with face-to-face emitter and detector arrangement [10].

Infrared light bulbs, with active region made of InAs [11], InAsSb [12], InAlSb [13], etc, are small
and cheap. They have a broadband emission spectrum (even some with visible range) which leads to
lower efficiency. Another option is a laser based setup, which provides a higher power that can be used
in a bigger scale (in the unit of metres), and tunable capabilities for multiple VOC detections, examples
such as [14] and [15]. More on lasers will be presented in the later sections.



Progress In Electromagnetics Research, Vol. 173, 2022 73

Due to the applications of the NDIR system in gas sensors, low power and low cost properties are
preferred. Therefore, various methods were proposed and trialled in literature on MEMS based devices
to enhance radiation and absorption within a specific range. Instead of using a narrow band optical
filter that overlaps with the absorption spectrum of the target gas, the source can be carefully designed
to have a narrowband and highly-directional emission.

According to Kirchhoff’s law, the absorptivity of an object is equal to the emissivity at thermal
equilibrium. Thus, the far field thermal radiation can be controlled by tuning the absorption properties
of the emitter, using resonant micro or nano structures. Generally, wave modes such as surface
plasmonic polaritons (SPP) [16], gap surface plasmon (GSP) [17], or Tamm plasmon polaritons [18]
are introduced to narrow the absorption bandwidth. Various subwavelength structure manipulations,
such as nanoantenna [19], gratings [20], crosses [21], etc. (shown in Fig. 3) have been successfully
implemented in a variety of VOC gases like acetone [22], methane [23], and ethanol [24]. Xing et al. [22]
utilised cylindrical dots structure (see Fig. 4) with a narrow emission peak specifically for acetone with
lower emission on the rest of the spectrum. Such designs are tunable that can also be adjusted for other
gases. The design is CMOS compatible, hence low cost, and the sensor is integrated in a compact size.

(a) (b) (©)

Figure 3. Example patterns: (a) nano antenna [19], (b) gratings [20] and (c) cross shape [21].

(b)

Figure 4. Images of the cylindrical structure: (a) magnified SEM image, (b) cross section of the device,
and (c) an emitter chip [22].

Since the wavelength of the absorption will change as the angle varies (angular emission), more
advanced structures, such as bull’s eye structure, have been proposed and shown great selectivity and
highly directional to detect C-H stretch compounds [25]. Fig. 5 shows a bull’s eye structure we designed
for directional thermal emission and the corresponding directional emission spectrum we simulated as
the emission angle and structural period vary.

To restrict the wave to the surface of the structure, the phase matching condition should be satisfied:

kg = kspp:l:kosine (1)
where kg is the wavevector of the emission wave in the free space; 6 is the direction of the out-coupling
wave; kg4 is the Bragg vector; and kg, denotes the wavevector of the surface plasma polariton:

k =koy/——— 2
SPP 0 e+ £q ( )
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Figure 5. Narrowband high directional thermal emission by Bull’s eye structure. (a) Schematic of the
Bull’s eye structure. The inset is the front view. (b) The emission spectrum of the structure toward
different angles. (c) The emission spectrum as the period varies.

where &, and g4 are the permittivities of the metal and dielectric, respectively. The circular symmetry
of the Bull’ eye structure ensures that the absorption, narrowed by the SPP coupling, in the normal
direction is strongly enhanced, and consequently, narrowband and high directional emission is achieved.

2.2. Tunable Diode Laser Absorption Spectroscopy
2.2.1. Tunable Diode Laser Absorption Spectroscopy Based on a Multi-Pass Cell

Tunable diode laser absorption spectroscopy (TDLAS) based on the Beer-Lambert Law highly depends
on the light absorption path. A multi-pass cell composed of several mirrors can effectively improve the
light absorption length. A Herriott-type cell, composed of two similar spherical mirrors as a classical
muti-pass cell, was widely used with the advantages of good robustness and strong practicability
benefitting from its simple structure [26]. An astigmatic mirror multi-pass cell [27] is based on an
astigmatic variant of the off-axis resonator (Herriott) configuration, which further improves the light
absorption length. In 2017, Ozharar et al. [28] presented a novel multi-pass cavity design with the use
of a rotationally symmetric end mirror as shown in Fig. 6(a). This structure can effectively increase the
total number of reflections. Ta-nan et al. [29] designed a ring multi-pass optical cell consisting of three
spherical mirrors to form a ring cell shown in Fig. 6(b). They designed the structure to achieve a long
path length in compact volumes.

2.2.2. VOC Detection Based on Multi-Pass Cell

Amulti-pass cell can be exploited in different wavelengths from near-infrared to mid-infrared for VOCs
detection. Table 1 summarized two typical VOCs (acetone and acetylene) using the TDLAS method
in the wavelengths of near-infrared and mid-infrared based on different compact multi-pass cells.
Acetylene is a dangerous flammable and explosive substance, and its monitoring can prevent potential
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Figure 6. (a) Schematic diagram of multi-pass cell based on the use of a rotationally symmetric end
mirror [28]; (b) Schematic diagram of ring multi-pass cell [29)].

Table 1. Two typical VOCs (acetone and acetylene) using the TDLAS method.

VOC species Team Light source Light path of MPC Detection limit Refs
Nadeem QCL (8 um) 76 m 15 ppb [30]

Acetone Xia ICL (2.97 um) 15.8m 120 ppb [31]
Schwarm QCL (8.2 um) 76 m 110 ppb [32]

acetylene _1indley  DFB (1,535 wm, 152 un) 56 m 59 ppb [33]
Zou DFB (1.53 um) 21.9m 76.75 ppb [34]

explosion accidents. Acetone is the breath marker of diabetes and heart failure.Compact TDLAS sensors
effectively complement high sensitivity measurement of VOCs in the human breath analysis.

As a typical example of VOCs detection, Zou et al. [34] demonstrated a sensitive acetylene sensing
system based on a novel triple-row circular multi-pas cell as shown in Fig. 7. An Allan deviation analysis
yielded a detection sensitivity of 76.75 ppb during an average time of 340s.

Ahgnment

Control

Figure 7. Schematic of the C2H2 sensor system and photograph of the triple-row CMPC [34].

As an application of the TDLAS method in the range of mid-infrared, co-author Shen et al. [35]
developed a TDLAS sensor based on a continuous-wave external-cavity quantum cascade laser (EC-
QCL) operating in 8 pm for real-time on-line monitoring of N20.The TDLAS method can remotely
monitor the trace gas concentration as reported by He et al. [36]. A compact remote sensor for measuring
the methane concentration was developed based on the tunable diode laser absorption spectroscopy as
shown in Fig. 8 and validated by field monitoring of methane emissions at a large-scale landfill in China.
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Figure 8. The framework of the gas concentration testing system [34].

2.3. Cavity Enhanced Spectroscopy

To increase the light absorption path length, cavity enhanced techniques based on high finesse optical
cavities were proposed for VOCs detection, such as cavity ring-down spectroscopy (CRDS) and
Incoherent Broadband Cavity-Enhanced Absorption spectroscopy (IBBCEAS). The effective absorption
optical path length is improved by multiple reflections of light in a finite-length resonant cavity, thereby
greatly improving the detection sensitivity [37-39].

2.8.1. Cavity Ring-Down Spectroscopy(CRDS)

In CRDS, light intensity leaking out from the cavity decreases exponentially. The measurements of
the ring-down times with and without the VOCs sample (denoted by 7 and 7y, respectively) inside the
cavity allow one to deduce the absorption coefficient aeyt (M) of VOCs sample as shown in Fig. 9 [40]:

ot (N) = (1 - 1) (3)

C \T T0

where c is the speed of light in vacuum. When the light intensity reaches a set threshold, the light
source is quickly cut off. The laser light remaining in the cavity is continuously reflected in the high
finesse cavity, and the intensity of the transmitted light in the cavity decays exponentially. As shown
in Fig. 9(b), a background or reference measurement of the decay time (7) is required. For ring-down
cavities containing the sample, the light intensity decay is accelerated due to the absorption by the
sample as well as the additional losses (absorption and scattering by impurity gases). The concentration
of the substance to be tested can be determined by measuring and calculating the ring-down time 7 in
the cavity and the ring-down time 7 when the cavity contains the sample.

Since its first demonstration by O’Keefe and Deacon in 1988 [39] the CRDS technique has been
widely used for sensitive measurement of trace gases including VOCs species such as acetylene, ethylene,
methyl-iodide, dimethyl and disulfide, etc. Table 2 summarizes some CRDS instruments developed for
VOCs species measurements in a wavelength range from 266 to 3235nm. Diode lasers and Nd: YAG
laser are widely used withan FWHM (full width at half maximum) less than 1 nm to avoid as much as
possible the interference from other gases.

For improving the sensitivity of the device, Parkes’ group and Pradhan’s group adopted some
methods to pre-concentrate the samples, and improved the detection limits of ethylene and acetylene
to 200 ppt [41] and 35ppt [42], respectively; Wang’s team developed the first CRDS-based acetone
breath analyzer with a detection limit of 0.13 ppm [43]; Bicer’s team used a DFB laser to achieve
multi-component gas detection with detection limits of 8 ppb and 2.1 ppb for methane and acetone,
respectively [44]; The team of 1. Sadiek achieved the measurement of methyl iodide in the mid-infrared
band with a detection limit of 15ppb, and there is still room for improvement [45]. The Wang’s
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Figure 9. (a) Schematic diagram of the cavity ring-down spectroscopy; (b) Schematic diagram of the
light intensity attenuation in the cavity [40].

Table 2. Some CRDS instruments developed for VOCs species measurements in a wavelength range
from 266 to 3235 nm.

Team Light source VOC species Wavelength (nm) Detection limit  Refs
A M.Parkes Diode laser  acetylene,ethylene 1519.67, 1625.94 6 ppb,200ppt  [41, 47]
M. Pradhan Diode laser acetylene 1535.393 35 ppt [42]
F. M. Schmidt  Diode laser acetylene 1523 340 ppt [48,49]
C. Wang pulsed laser acetone 266 0.13 ppm [43]
A. Bicer Diode laser methane, acetone 1671 8 ppb, 2.1 ppb [44]
I. Sadiek DFB laser methyl iodide 3235.79 15 ppb [45]
Z. Wang Nd: YAG laser Dimethyl Disulfide 266 ppm-ppt [46]

team reported the first measurement of CRDS-based dimethyl disulfide, demonstrating the feasibility
of developing a portable melanoma screening sensor using the CRDS technology [46].

Figure 10 shows the CW-CRDS device built by Pradhan’s team. They further improved the
detection limit of acetylene to 35 ppt [42] by combining continuous wave cavity ring-down spectroscopy
with sample pre-concentration, which is sufficient for direct atmospheric detection of CoHy at typical
concentrations of both urban and rural environments.
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Figure 10. Schematic diagram of the experimental setup [42].
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2.8.2. Incoherent Broadband Cavity-Enhanced Absorption Spectroscopy (IBBCEAS)

Narrow-band CRDS measurements could not provide accurate VOCs detection in broad band
wavelength range. IBBCEAS instrument using a broad-band light emitting diode (LED) or Xe lamp
as a light source offers a capability of broadband detection. At the same time, the use of an incoherent
broadband light source eliminates the issue of the mode matching between the optical cavity and the
light source. The optical absorption coefficient «(\) of the particulate sample measured by IBBCEAS
can be expressed as [50, 51]:

o) = (2 s+ apy )« (28 ) 0

where R(\) is the mirror effective reflectivity; L is the cavity length; I(\) and I(\) are the light
intensities transmitted through the cavity without and with the sample, respectively. agray(A) is the
Rayleigh scattering coefficient of gases. The IBBCEAS technique was first proposed by Fiedler et al.
in 2003 to measure the absorption spectra of oxygen (O2) and gaseous chamomile cyclic hydrocarbons
(C10H8) around the wavelength of 630 nm using an incoherent broadband light source short-arc xenon
lamp and a CCD spectrometer [52, 53].

An incoherent broadband light source, as a key element in an IBBCEAS system, could be a xenon
lamp, a laser-driven plasma light source (LDLS) or an LED. The broadband wavelength range emitted
by a xenon lamp is mainly concentrated in 200 nm to 800 nm, but with disadvantages of large volume,
low optical coupling efficiency, high price and high-power consumption. A laser-driven plasma light
source is a new type of broadband light source. It uses a continuous-wave laser to directly heat a neon
gas plasma to a temperature of 20000 K, thereby emitting broadband radiation [54]. An LDLS is a
smaller, more stable and high-brightness plasma-emitting point source that can be efficiently coupled
into an optical system, with a spectral range from 170 nm-2100 nm, especially in the ultraviolet and
deep ultraviolet spectral range [54]. The spectral shape of the LED is generally similar to the Gaussian
type, the full width at half maximum is about ten or tens of nanometers, and the power consumption
is low. It is also often used in an IBBCEAS system [51, 55, 56].

Table 3 summarizes some IBBCEAS instruments developed for VOCs measurements inultraviolet-
visible-infrared spectrum using some supercontinuum source, xenon lamps, laser-driven plasma light
sources (LDLS) and LEDs for detection of CjgHs, C4Hg, C4HgO2, VOCs from photolysis of 2-
introphenol, CHyO and CoH50o.

Table 3. Some IBBCEAS instruments developed for VOCs measurements.

Team Light source VOCs species Wavelength LoD (Mm™1) Refs
Fiedler Xe lamp Ci0Hg 630 nm [52]
1,3-Butadiene 1
Denzer SLED 1600-1700 nm 1.5 Mm [57]
(C4Hs)
Chandran Xe lamp 1,4-Dioxane 1215-1695 nm 8§ Mm~! [58]
(C4H8 02)

Supercontinuum

Denzer source, CoHa 15001700 nm 0.4 Mm~! [59]
SLED, Xe lamp

Amiot  Supercontinuum CH,, CyH, 3000-3450nm  2ppm (CoHy)  [60]

source
Fang blue LED Glyoxal (CHOCHO) 440-480 0.59 Mm 1 [61]
VOCs from
Venables LED photolysis 300-400 nm 2Mm™! [62]

of 2-introphenol
Chen LED CH0 HONO 350-380 41 ppbv for CH,O  [63]
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Glyoxal (CHOCHO), the simplest a-dicarbonyl group, exists in the atmosphere as a primary
derivative of VOCs and leads to the formation of secondary organic aerosols (SOA) and ozone (O3).
Although CHOCHO plays an important role in SOA formation and photochemistry, techniques for
rapid and in situ measurement of atmospheric CHOCHO remain scarce so far. Fang et al. developed
a highly sensitive IBBCEAS system (Fig. 11(a)) using a customized cage structure and a 42 cm-long
cavity to achieve sensitive, real-time, in-situ measurements of CHOCHO and NO2 in the spectral range
of 440-480 nm as shown in Fig. 11(b) [61].

VOCs species have abundant unique absorption information in the UV band. The group of Venables
detect VOCs from the photolysis of 2-nitophonel and monitored the absorption cross section of 2-
nitrophenol in the wavelength range of 300450 nm Simulation chamber is a powerful tool to study the
chemical reaction of VOCs. The group of Chen installed an IBBCEAS sensor with the range of 350 nm
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Figure 11. (a) Schematic diagram of the cage cavity-based IBBCEAS device, enabling a compact and

easy-to-align optical system; (b) the measured NO2 and CHOCHO absorption spectra and their fitting
results [61].
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to 380 nm in a simulation chamber for detection of CH20, HONO, and NO2 compared with a Fourier
transform infrared (FTIR) spectrometer as shown in Fig. 12 [63]. Co-author Meng from the group of
Chen also demonstrated the feasibility of IBBCEAS sensor shown in Fig. 13 in measurement of aerosol
(containing VOCs) in the ranging (lidar) blind zone (i.e., the firsthundreds of meters of the observation
range) [64].

" LDAR
Pump N, IBBCEAS e
| "

LED  Filter Lens ) N Light receiver

Sl

LED Controller

~14m

Spectrometer

N
‘

Figure 13. Schematic of combined BBCEAS sensor near the ground surface in the ranging (lidar)
blind zone [52].

2.4. Photoacoustic Spectroscopy
2.4.1. Principle of Photoacoustic Spectroscopy

Photoacoustic spectroscopy is based on the detection of acoustic signals resulting from the light
absorption of a modulated laser radiation by the target species. The photo-acoustic (PA) effect converts
the absorbed photon energy into acoustic sound, that was discovered by Alexander Graham Bell in
1880 [65]. The PA effect in gases can be divided into three main steps as shown in Fig. 14 [66]:

(1) Localized heat release in the sample gas by absorption of the incident laser radiation at a wavelength

that overlaps with a spectral feature of the target species.
(2) Energy expansion and contraction processes: acoustic and thermal wave generation due to the

localized transient heating and expansion;
(3) Detection of the acoustic signal in the PA cell with a microphone.

Expansion
Modulated Contraction Standing wave

'\,,
Laser radiation > Excitation > Heating > Acoustic wave > Microphone >
== e

Figure 14. Schematic of photoacoustic effect process [66].

2.4.2. Different Structure of PA Spectrometer for Detection of VOCs

Different acoustic transducers can be used for detection of acoustic signals, including condenser
and electret microphones, quartz tuning forks (QTF), micromachined cantilevers and other
microelectromechanical system (MEMS) devices [67, 68].

The light absorption of VOCs is not a Lorentzian profile, which is the most suitable condition for
optical gas spectroscopy. For complex molecules, the light absorption is companied by the broadening
of absorption lines, resulting from the structured absorption features over a wide spectral range, thus
increases the difficulty in the detection of VOCs [69]. A wide-tunability is required to detect VOCs in
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complex gas mixtures. Such widely tunable high-power lasers that are currently available, includes CO
and CO2 lasers, optical parametric oscillators (OPOs), and external cavity quantum cascade lasers (EC-
QCLs) [66]. Different combination schemes of acoustic transducers with widely tunable light sources
for the detection of VOCs have also been reported.

The most widely used transducer in PA spectroscopy is condenser and electret microphones
with advantages of low power consumption, high sensitivity and low noise level. CO2 laser has the
advantages of high power and having multiple laser lines in the 9-11 um infrared region. Thus, a
CO2 laser photoacoustic spectrometer (PAS) companied with condenser and electret microphones can
have a multi-component measurement capability for measuring several VOCs in the human breath [66].
Popa et al. have achieved five components measurement using a CO2 laser PAS system coupled with
electret microphones for detecting carbon dioxide, ammonia, ethanol, methanol, and ethylene, in a
mouth breathing versus nasal breathing study [70]. Mitrayana et al. built a CO2 laser photoacoustic
spectrometer as shown in Fig. 15 for measuring ammonia, acetone, and ethylene trace gases in breath
samples from 10 renal disease patients [71].
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Figure 15. Schematic of the CO2 laser photoacoustic spectrometer [71].

Chlorinated hydrocarbons, as important VOCs in the industrial activities from foam plastic
products and pharmaceuticals production, are of concern as toxic air pollutants and carcinogen species.
Mohebbifar used a CO2 laser in a wavelength range of 877 to 1086 cm™! to realize a single species
of CHCI3 measurement with a sensitivity of 488 ppbv [72]. Our group have developed a compact
photoacoustic (PA) spectrophone (Fig. 16) based on electret microphones for simultaneous detection of
trichloromethane (CHCI3) and dichloromethane (CH2CI2) by employing a low-cost distributed feedback
(DFB) laser emitting at 1684 nm. Continuous monitoring of Chloroform Gas with a high detection
sensitivity of 280 ppbv was achieved [73, 74].

Quartz tuning fork (QTF) with a very high Q factor (~ 10000 at atmospheric pressure) is an
alternative transducer for acoustic signal measurements. It converts mechanical displacement (caused by
acoustic signal) into a readable electrical signal, commonly referred to as quartz-enhanced photoacoustic
spectroscopy (QEPAS) [75]. Recently, Ayache et al. presented a QEAPS sensor dedicated to benzene
detection by exploiting a 14.85 um quantum cascade laser. This benzene sensor has a good selectivity
and a limit of detection of 30 ppbv in 1s [76].

Unlike the traditional QEPAS method based on the photoelectric effect, quartz-tuning-fork
enhanced photothermal spectroscopy (QEPTS) utilizes the piezoelectric effect and resonance effect of
the QFT to gauge the light intensity [14, 77-79]. The transmitted laser light was vertically focused onto
the surface of the QCTF prongs. QEPTS is a non-contact measurement technique and can be used for
remote trace gas detections. Ma et al. developed a QEPTS sensor for acetylene (C2H2) detection using
a 1.53 um continuous wave distributed feedback (CW-DFB) diode laser, which achieved a minimum
detection limit (MDL) of 718 ppbv [77]. Liu et al. reported a remote sensor based on QCTF coupling
to a broadband tunable external cavity quantum cascade lasers (ECQCLs) for detection of three VOCs
mixing plume (i.e., ethanol, acetone and diethyl ether) at a distance of 40m in Fig. 17, proving its
applicability for leak plumes in security fields [14].

Micromachined cantilever method can be used in PA spectrophone as PA signal transducer, also



82 Xing et al.

o
e

& wer._
& oy
Amplifier: DAQ o,:;x;;x\su N
B v
) i il
Laser controller) L L ) ) \é\?. |
In B 5 oo >
S \K
g

PA cell

| = T—

DFB laser

iﬁ M 0.2L/min
——

:
E CHCls wifoss e
:

=/, MFC2

iy

:
0.4L/min}
!

CHCL, o o o [
f 7‘ MFC3 —
E‘ N, ‘;iﬁh 0.2L/min
(@) (b)

Figure 16. (a) Schematic view of the compact PA spectrophone [73]. (b) The developed compact
photoacoustic sensing system and its internal construction. DAQ: data acquisition card, MFC: mass
flow controller, LIA: lock-in amplifier, LaCon: laser controller, f1: focus lens.
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known as cantilever enhanced photo-acoustic spectroscopy (CEPAS). CEPAS can detect very low gas
concentrations with detection limits demonstrated at parts-per-trillion (ppt) level or lower [80]. CEPAS
has been applied to measure various volatile organic compounds. Karhu et al. reported a novel CEPAS
sensor for trace gas sensing of benzene using a quantum cascade laser emitting at the wavelength
14.8 mm, and a benzene detection limit below 1 ppb was achieved [81]. Hirschmann et al. validated a new
photoacoustic FTIR system installed with a cantilever microphone and realized a detection of five VOCs
including acetone, methanol, perchloroethylene, methyl isobutyl ketone and dimethylformamide [82].

A growing interest in PAS for the 2.5-5 um region is represented by optical parametric oscillators
(OPO) with advantages of high power (several watts) level, narrow linewidth and wide-range wavelength
tunability [66]. Saalberg et al. developed a sensor based on PAS for six VOCs (2-butanone, 1-propanol,
isoprene, ethylbenzene, styrene, and hexanal) that are linked to lung cancer, by exploiting an OPO
radiation source in a wavelength region from 3.2 um to 3.5 um shown in Fig. 18. The detection limit
for a single substance of the PA sensor was between 5 ppb and 142 ppbv [83].
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2.5. Fourier Transform Infrared (FTIR) Spectroscopy

Fourier transform infrared (FTIR) spectroscopy is a method to acquire the infrared spectrum by Fourier
transforming the interferogram, and there is a functional relationship between the intensity of the
infrared (IR) spectrum and the optical path difference of the two coherent beams. Owing to its significant
advantages in signal-to-noise ratio (SNR) and resolution, FTIR has been the dominant technique used
for measuring the IR absorption and emission spectra in recent decades. Most of the gases show
characteristic absorption in the IR region so that they can be quantitatively and qualitatively analyzed
by taking the advantage of the FTIR technique.Compared with other optical sensing technologies, the
wide spectral coverage of FTIR meets the needs of simultaneous measurement of dozens of gases, and
the deterioration of the environmental has promoted the progress of FTIR technology in the field of
atmospheric trace gas monitoring since the 1970s, and much progress in VOCs detection based on FTIR
technique have been achieved nowadays.

The FTIR measurement methods can be divided into extractive and open path measurements [84].
The extractive measurements of FTIR spectroscopy include extracting a sample stream of gases from
a certain location, transporting it to an IR absorption cell and isolating it for analysis [85]. In order
to detect trace VOCs, improvements for the gas cell have been made to increase the effective length
of the optical path, so as to achieve the detection range of sub parts per million [86], and therefore,
small multi-pass cells are popular in the extractive measurements [87]. By combining the extractive
measurement FTIR technology with traditional Gas Chromatography/Mass Spectrometry (GC/MS)
technology, hundreds of VOCs can be accurately measured at the same time [88].

Open-path FTIR (OP-FTIR) has been developed rapidly in recent years due to its suitability
for analytical tasks that cannot be performed adequately by using analytical methods based on point
sampling. The OP-FTIR spectroscopy relies on the external IR source, such as the sun or natural hot
objects as IR sources for radiation, and calculates the integrated concentration of gases over a long path
in the field. The OP-FTIR is commonly used in monitoring production and domestic emissions [89—
91]. There are two ways to perform open-path measurements, namely, active and passive measurement
techniques according to the difference of the IR sources. The active measurement method is rarely
affected by the changes of the external environment, and can ensure all-weather measurement. A
typical system structure of active measurement diagram is depicted in Fig. 19 [92]. An infrared laser
or a thermal radiation light source is usually used as the emission light source. The reflected light
is collected by a telescope system and input into the FTIR for demodulation. MCT is usually used as
the detector in the FTIR, because of its outstanding response in mid infrared band [93]. If conditions
permit, the IR source and FTIR can be placed tens of meters apart to detect the gas on the path [94, 95].

Because of the limitations of man-made IR sources in power and size, people gradually turn to the
sun as the light source for passive measurement. This method can directly detect the gas concentration
at the vertical height, which is of great significance for monitoring the atmospheric environment. Fig. 20
shows the vertical distribution of ethylbenzene and m-xylene in Shijiazhuang, China [96].

Regardless of which FTIR measurement method is adopted, it faces various difficulties related to the
collection of appropriate background reference spectra, the ways of qualitative analysis and quantitative
evaluation of measured spectra, the problems of calibration, and the effects of spectral resolution on
the detection sensitivity.
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Figure 20. The distribution of ethylbenzene and m-Xylene [96].

2.6. Laser Absorption Spectroscopy Coupled to Gas Chromatography

Gas chromatography — mass spectrometry (GC-MS), as the ‘gold standard technique’ for trace gas
analysis, has become a common method used for the study of VOCs. However, GC-MS instruments
are laboratory-based and not directly suitable for mobile operations [97,98]. Photoionization or flame
ionization coupled to GC gives more compact setups but lowers the sensitivity and selectivity [98]. The
application of laser absorption spectroscopy (LAS) as a GC detector could offer new possibilities to
analytical chemistry.

Zare et al. coupled a standard cavity ring-down spectrometer (CRDS) to a gas chromatograph
through a combustor (resulting in the analysis of 13C/12C isotope ratios of organic compounds)

Figure 21. Schematic picture of GC-PAS system [98].
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and validated by the detection of 13C/12C isotope ratios of methane, ethane, and propane [99].
Recently, Tomberg et al. coupled a cantilever enhanced photo-acoustic spectrophone with a GC for
compound separation and with a widely tunable external-cavity quantum cascade laser for compound
identification in the optical fingerprint region shown in Fig. 21 [98]. The GC-PAS system offers
considerable advantages for analyzing complex mixtures of large molecules including cyclohexane, 1-
Propanol, Isobutanol, 1-Pentanol, 1-Hexanol, Methanol, ethanol and 2-Ethyl-1-Hexanol, as shown in
Fig. 22.
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Figure 22. Sample chromatogram (left vertical axis) and the corresponding oven program (right vertical
axis). The insets show the corresponding optical-power-normalized CEPAS detector signal (spectra)
for each peak. The black traces are the measured data and the red traces are fits to the data from the
PNNL database [99].

3. CONCLUSION

In this review paper, various absorption spectroscopy methods for VOCs detection have been
summarized, including NDIR, multi-pass cell method, cavity enhanced absorption spectroscopy,
photoacoustic spectroscopy, and Fourier transform infrared spectroscopy. Laser absorption spectroscopy
follows an exponential law with the optical absorption length. Various methods have been implemented
for improving the sensitivity and selectivity of spectroscopic measurements.

Although the short light path in NDIR leads to low sensitivity, the simple light path structure
makes it suitable for commercialization with advantages of low cost and CMOS compatibility (can be
integrated in a compact size). A multi-pass cell can increase the optical path through dozens or hundreds
of light reflections within a limited space composed of several mirrors. High reflectivity mirrors are used
in cavity enhanced techniques such as CRDS, IBBCEAS and ICOS to form an optical cavity of high
finesse. The light trapped in the cavity bounces back and forth between the cavity mirrors several
hundred thousand times to give an effective optical length of up to several kilometers. However, the
above methods are limited by the narrow band of the photodetector. Photoacoustic spectroscopy is
based on the generation of acoustic signals from the light absorption of certain targeted gas molecules
with the advantages of independence of the light wavelength. FTIR spectroscopy is a method to acquire
the infrared spectrum by Fourier transforming the interferogram with the advantages of wide spectral
coverage.

Due to various structured light absorptions of VOCs in a broad spectrum, a wide-tunable radiation
source is required to detect VOCs in complex gas mixtures, such as CO2 lasers, optical parametric
oscillators (OPOs), or external cavity quantum cascade lasers (EC-QCLs). Different combinations of
laser absorption spectroscopy (LAS) with broadband light sources have been reported for detection
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of VOCs in the monitoring of air quality or breath analysis. The combination of LAS with gas
chromatography provides a new possibility for VOCs detection, and guarantees the identification and
quantification of multi-species in the meantime. In conclusion, the LAS method can be exploited
and satisfy almost all requirements in different applications with the advantages of portability, high
sensitivity, and multi-species analysis.
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