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Abstract: Gas sensors that can measure multiple pollutants simultaneously are highly desirable for on-
site air pollution monitoring at various scales, both indoor and outdoor. Herein, we introduce a low-
cost multi-parameter gas analyzer capable of monitoring multiple gaseous pollutants simultaneously,
thus allowing for true analytical measurement. It is a spectral sensor consisting of a Fourier-transform
infrared (FTIR) gas analyzer based on a mid-infrared (MIR) spectrometer. The sensor is as small
as 7 × 5 × 2.5 cm3. It was deployed in an open-path configuration within a district-scale climatic
chamber (Sense City, Marne-la-Vallée, France) with a volume of 20 × 20 × 8 m3. The setup included
a transmitter and a receiver separated by 38 m to enable representative measurements of the entire
district domain. We used a car inside the climatic chamber, turning the engine on and off to create
time sequences of a pollution source. The results showed that carbon dioxide (CO2) and water
vapor (H2O) were accurately monitored using the spectral sensor, with agreement with the reference
analyzers used to record the pollution levels near the car exhaust. Furthermore, the lower detection
limits of CO, NO2 and NO were assessed, demonstrating the capability of the sensor to detect these
pollutants. Additionally, a preliminary evaluation of the potential of the spectral sensor to screen
multiple volatile organic compounds (VOCs) was conducted at the laboratory scale. Overall, the
results demonstrated the potential of the proposed multi-parameter spectral gas sensor in on-site
gaseous pollution monitoring.

Keywords: air pollution; multi-parameter gas sensing; mid-infrared spectroscopy; open FTIR; MEMS

1. Introduction

Air pollution has become a growing concern worldwide, causing the deaths of
seven million individuals annually, as reported by the World Health Organization [1].
This alarming situation highlights the need to develop new strategies and tools to monitor
air pollution and improve air quality. Outdoor pollution, which is mainly attributed to
human activities, particularly transportation, has a significant impact on indoor air quality.
In addition to outdoor pollutants, volatile organic compounds (VOCs) also contribute to
indoor air pollution. On-site outdoor gas monitoring is crucial for mapping pollution at
different scales [2–5]. However, there is a rich diversity of air pollutants, especially regard-
ing the numerous gaseous pollutant species of interest, which require the use of as many
different kinds of sensors, resulting in sophisticated, bulky and expensive measurement
systems. Although some multi-parameter sensors are commercially available [6,7], they
are constructed via the assembly of different sensors and are limited to a very few types of
pollutants; more importantly, the rather high cost restricts the number of location spots in a
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field deployment of pollution sensors. This technological limitation also restricts the diver-
sity of pollutants that can be monitored [4,5]. Open-path Fourier-transform infrared (FTIR)
spectroscopy is a relevant technique for such monitoring, as it allows for the measurement
of multiple gaseous air pollutants using a single device. It is widely used to measure
atmospheric traces and greenhouse gases, such as carbon dioxide and methane [8,9], study
chemical emissions [10–12], and measure ozone levels [13] and volcanic emissions [14].
However, the benchtop spectrometers required for open-path FTIR measurements are
expensive and bulky, limiting the installation process and wide deployment of a large
number of such systems for pollution mapping or monitoring a given area. Therefore, a
low-cost and miniaturized sensor capable of monitoring pollution would be a key enabling
technology toward ubiquitous pollution monitoring. The low-cost potential of the proposed
sensor is indeed expected from its core MEMS fabrication technology, which is already
proven to enable large-volume manufacturing of sensors at low cost in many application
areas including automobiles, smartphones, and consumer electronic products.

In this paper, we propose a low-cost and compact spectral sensor that can monitor
multiple gaseous air pollutants using a single device. The proposed device is an open-path
Fourier-transform infrared (FTIR) gas analyzer based on a mid-infrared (MIR) MEMS
spectrometer, produced using MEMS technologies. Before the massive deployment of such
spectral sensors, it is important to assess their potential in practical use cases. Therefore, the
device was deployed inside a district-scale climatic chamber (Sense City, Marne-la-Vallée,
France [15]) to demonstrate its capabilities in monitoring the air pollution produced by a car
engine in this experiment. Furthermore, we present preliminary results of laboratory-scale
measurements intended to assess the potential of the proposed spectral sensor to screen
volatile organic compounds (VOCs) and determine their potential impact on health. For
example, the recommended exposure limit (REL) to toluene is a concentration ranging
from 20 ppm to a maximum of 100 ppm during 8 h according to the National Institute for
Occupational Safety and Health (NIOSH). Therefore, the ability to distinguish toluene (and
others) among all VOCs is essential.

2. Materials and Methods
2.1. Sense City: A District-Scale Climatic Chamber

Sense City is a climate chamber at the district scale with dimensions of 20 m× 20 m× 8 m.
It is used to conduct various experiments under controlled environments; it has the capabil-
ity to vary different parameters such as temperature, humidity, sunlight and rain. A variety
of reference sensors are installed in Sense City, whose design aims to study different urban
scenarios dealing with the broader topic of smart cities. These relate, for instance, to energy
and environmental problems including air, water and soil. The Sense City climatic chamber
is introduced in Figure 1 along with the scenario of our experimental setup deployed for
monitoring multiple gaseous air pollutants within this area.

2.2. Experimental Setup

In the main experiment, the spectral gas sensor is built from a core element, which
is a MEMS-based FTIR spectrometer (NeoSpectra MIR SWS6241, Si-Ware Systems, Cairo,
Egypt). The version that we used in our experiments is a prototype with an extended
wavelength compared to the Neospectra SWS62221 commercial product, which is limited
to the near-infrared (NIR) from 1.3 to 2.5 µm. This prototype has a spectral range from
1.5 to 4.9 µm in the mid-infrared (MIR). Such an extended range covers the absorption
spectral signatures of CO2, CO and NOx as well as H2O and multiple volatile organic
compounds (VOCs). The optical system used in the open-path FTIR measurements com-
prises a light source (also referred to as the transmitter, Tx, in Figure 1b). It consists of an
infrared light bulb (temperature = 2796 K, SLS252, Thorlabs, Newton, NJ, USA) placed
at the focal point of the off-axis parabolic mirror (diameter = 50.8 mm, effective focal
length = 152.4 mm, MPD269-G01, Thorlabs), as shown in Figure 2a,b.
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Figure 1. (a) The Sense City district-scale climatic chamber, (b) our experiment scenario,
(c–e) illustrative photos.

Figure 2. (a) Schematic layout of open-path setup using off-axis parabolic mirrors to transfer light
from light source Tx to the spectrometer Rx, (b) camera photo of the optical system used in the
open-path FTIR, (c) insertion loss (IL) of the coupling system as a function of the path length.
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In a second experiment, we used a multi-pass gas cell (Tornado T20, Specac, Kent,
UK) with a base length of 0.5 m, allowing for 40 reflections, and presenting a total effective
range of 20 m. This allows the implementation of an alternative to open-path absorption in
a more compact space.

The parabolic mirrors play a crucial role in minimizing the intrinsic insertion loss
(IL) especially considering the rather long propagation distance of 38 m considered in
our experiment. Indeed, the fundamental role of the parabolic mirror is to achieve light
collimation, which will ensure that the light spot does not increase too much after light
propagates over a long distance, as illustrated in Figure 2a, leading to limited insertion loss
as shown in Figure 2c. The collimated light from the source is refocused at the detector
side using another off-axis parabolic mirror, whose function is to transform the incident
collimated light beam into a much smaller spot concentrated over the input window of the
spectrometer. The light is focused into the input of the MIR spectrometer (also referred to
as the receptor, Rx, in Figure 1b). The mechanical part holding different optical parts was
designed using a CAD tool and made of plastic using 3D printing.

As shown in Figure 3, the light source is positioned on a stand at the bottom right
corner of the chamber, while the MEMS spectrometer is placed at the top left corner. The
collimated light propagates from the source along the road to the bottom left corner of
Sense City. Then, it undergoes a 90◦ deflection by a flat mirror and passes near the car
before reaching the top left corner. The total optical path from the source to the detector is
L = 38.1 m. Such a rather large distance introduces optical insertion losses (ILs) of −7dB
(Figure 2c). This signal loss is evaluated with the support of additional design considera-
tions that are given in the following section. It is worth mentioning that the optical losses
considered at this stage are intrinsic losses that are independent of the local environmental
gaseous contents. Besides those intrinsic losses, there will be additional losses that are opti-
cal absorption losses due to the gaseous pollutants. These absorption losses are dependent on
the local environment. The spectrum and the magnitude of these absorption losses depend
on the types of gases and their corresponding concentrations, respectively.

Figure 3. Top schematic view of Sense City for air pollution monitoring using open-path FTIR in
addition to camera photos at different positions inside the city.



Sensors 2023, 23, 6343 5 of 12

While the reference analyzer measures the local gas concentration near the car, the
open-path FTIR measures an average gas concentration along the distance L. High-performance
analyzers are installed in Sense City. They provide reference measurements on the con-
centrations of nitrogen oxide NOx, CO and CO2. Additional reference sensors are used
for humidity and temperature measurements. The NOx analyzer (AC32M, ENVEA) has a
lower limit of detection of 0.5 ppb. The CO analyzer (CO12e, ENVEA) has a lower limit of
detection of 25 ppb. The analyzer has an additional module for CO2 measurement. Both
reference gas analyzers were installed beside the car. They measure the gas concentration
while sucking in local air.

3. Results and Discussion
3.1. Design Considerations on the Setup for Open-Path Gas Absorption Spectroscopy

In radiometry, the light power emitted from a circular source can be given by [16]:

P =
∫ π(0.5D)2

0

∫ 2π

0

∫ θo

0
Ro cosθ sinθdθ dφdA = 0.25Roπ2D2 sin2 θo (1)

where θ0 is the light divergence angle and Ro is the source radiance. Radiance is con-
servative in any optical system given negligible reflection losses or scattering as in our
case, where very few optical components are used. In the case of a Lambertian source, the
radiance is independent of the viewing angle or the position of the source. In the case of
a small divergence angle, sin θo ∼ θo, the product of the area and the divergence angle is
called the throughput, denoted as TP, which varies throughout the system depending on
the spot diameter D and θo. For simplification, the constants are omitted and TP = D2θ2

o .
To avoid chromatic aberrations (mainly due to a material’s dispersive refraction),

off-axis parabolic mirrors are used instead of lenses, as depicted in Figure 2a. The off-axis
parabolic mirrors are used to collimate light at the source side and refocus light at the
spectrometer side. The off-axis parabolic mirrors have an acceptance angle < 0.5 rad (focal
length ≥ half the diameter).

Filament sources have a big throughput compared to that of the input of the MEMS
spectrometer. The divergence angle is big (in other words, it is > 0.5 rad). This means that
the entire area of the mirror (diameter of the mirror is Dm) will be illuminated. Thus, light
throughput from the collimating mirror is TP1 = D2

mθ2
1 , where θ1 is the divergence angle of

the collimated light, as depicted in Figure 2a.
Light received by the other mirror is given by Dmθ2, where θ2 is the divergence angle

of the light received by the mirror, and it is equal to 0.5Dm
L , where L is the path length. Thus,

the light throughput received by the second mirror is given by TP2 = 0.25D4/L2. It is
obvious that on increasing the path length L, the transmission, given by TP2/TP1, will
degrade. On the other side, the spectrometer has a numerical aperture θs and the diameter
of the input fiber is Ds. Such a throughput is much smaller than the source throughput
or even TP1. There is a range of path lengths from 0 to Lmax at which the power received
by the spectrometer is constant. Lmax holds when the light throughput TP2 of the second
mirror is equal to that of the spectrometer. Thus, Lmax is given by

Lmax =
0.5D2

θsDs
(2)

In order to fit the received power within the acceptance of the spectrometer, the
optimum focal length of the mirror should satisfy θs = 0.5Dm/ fopt or fopt =

0.5Dm
θs

. For the
MEMS spectrometer, this value is much larger than the mirror diameter (θs is about 0.05 rad).
However, one is restricted to available off-the-shelf components that are comparable to the
mirror diameter (i.e., 2D, 3D). Using off-the-shelf mirrors with a focal length fm shorter
than the fopt means that the divergence of the light received by the spectrometer is θ3 > θs,
which directly means that the imaged spot at the spectrometer input will be of a diameter
D3 < Dm (because at Lmax, Dmθ2 = Dsθs = D3θ3 and D3 = fm

fopt
Ds). Thus, in such a case,
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the maximum path length should be decreased by a factor fm
fopt

to increase the percentage of

received power by
(

fm
fopt

)2
increasing D3 back to Ds. Thus, the maximum path length of a

given mirror of diameter Dm and focal length fm should be modified to be

Lmax =
fmDm

Ds
(3)

Thus, the maximum path length is increased by the product of both the focal length
and the diameter of the parabolic mirror. The insertion loss (IL) of the coupling system
(two parabolic mirrors of diameter 50.8 mm and focal length 152.4 mm) versus distance
was simulated using a ray-tracing software (ZEMAX OpticStudio software). The result is
shown in Figure 2c. The IL around 26 m was −3.7 dB; it is ascribed to optics aberrations,
which degrade the IL. For a distance of 38 m, the corresponding losses were −7dB.

3.2. District-Scale Experimental Study in Sense City

The raw spectrum measured by the FTIR spectral sensor is plotted in Figure 4a and
compared to the corresponding spectrum measured at L = 0 m. The spectrum’s shape is the
same except for the range around the wavelengths of 1.87–2.7 µm and 4.25 µm, correspond-
ing to absorption by water vapor (H2O) and by carbon dioxide (CO2), respectively. The
signal-to-noise ratio (SNR) was measured at a distance of 38 m using a spectral resolution
of 80 cm−1 and an average measurement time of 1 min. The SNR was calculated using a
100%-line method. The method is based on acquiring a series of successive measurements.
The 100% lines are calculated by dividing each two consecutive measurements. Calculating
the average across these lines, the SNR is obtained. It is shown in Figure 4b. The detection
limits of different gases can be calculated using this SNR curve. The SNR also enables
calculation of the noise standard deviation in absorbance from the following equation:

σA(λ) =
log10 e

SNR(λ)
√

2
(4)

where λ is the wavelength. Then, one can determine the optimum wavelength λopt for
gas detection as the wavelength corresponding to the maximum value of the ratio of
absorbance over noise. Then, one can evaluate the minimum detectable concentration from
the condition A(λ) = σA

(
λopt

)
. Based on that, we were able to determine the detection

limit of different gases, and the corresponding results are given in Table 1. The data are
compared with those of the reference analyzers. At this stage, it is worthwhile to remember
that the Neospectra measures an average value of the gas concentration over the whole
distance of 38.1 m, while the gas analyzer measures the local concentration of gas nearby
the gas pollutant source at the car gas exhaust, where the concentration is expected to be
much higher.

Figure 4. (a) Measured spectrum at a distance of L = 0 m and 38 m. (b) The measured signal-to-noise
ratio (SNR) at a distance of L = 38 m and a resolution of 80 cm−1. The average measurement time is
1 min.
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Table 1. Detection limit of different gases in case of the open-path FTIR and the reference analyzers
in Sense City, compared to outdoor typical values.

Gas
Open-Path FTIR Reference

Analyzer Outdoor

Wavelength
(nm)

Detection
Limit (1σ)

Detection
Limit (1σ) Typical Values

Relative
humidity (RH) 2700 0.07% - 30–50%

CO 4596 800 ppb 25 ppb 50–120 ppb

CO2 4256 40 ppb - 250–400 ppm

NO 2677 50 ppm 0.2 ppb 0.1–20 ppb

NO2 3446 1 ppm 0.2 ppb 40–500 ppb

The background effect on the raw measured spectrum is due to the non-idealities in
the optical source spectrum, the collimation optics and the spectrometer line shape function.
All these effects deform the spectral response and should be removed. Conventionally, this
is carried out by measuring a first spectrum in the absence of the sample under test, called
the background spectrum. This was not accessible in our case since we were measuring
in the open air. This difficulty can be removed using baseline correction methods such as
polynomial fit [17], adaptive iteratively weighted penalized least squares [18] or wavelet
transform [19]. Polynomial fitting is considered a popular and fast method. This method
was applied to all the measured spectra, to also overcome the source stability with time,
which leads to a wavelength-dependent shift in the baseline as time evolves.

At the start of the measurement, it is expected that the concentration of gases is almost
the same (steady state) in the whole room since no local pollution perturbation has hap-
pened for a long time (the chamber is sealed from the outer environment, and the chamber
was closed for more than 12 h). Thus, the absorbance value measured by MEMS FTIR at the
absorption wavelength of each gas corresponds to the concentration measured by the refer-
ence analyzer, also meaning that a rough calibration of the MEMS FTIR can be carried out
at this stage by comparison with the data given by the reference analyzer. The absorbance
is directly proportional to the gas concentration (absorbance = constant × concentration)
according to the Beer–Lambert law. Therefore, the proportional constant can be retrieved
from the concentration measured by the analyzer at time 0 and the absorbance value mea-
sured by the FTIR. Measurement recordings started at time 0. After 6 h and 10 min, the car,
whose position is depicted in Figure 3, was turned on and was turned off at 6 h and 30 min.
After 10 min, the car was turned on again for only 5 min.

The concentration of the measured carbon dioxide versus time is depicted in Figure 5a.
The analyzer measurement is plotted within the same figure for comparison. The translu-
cent red part represents the duration when the car was running (pollution was introduced).
A spike in CO2 concentration can be observed in the analyzer measurement because the
analyzer was placed in close proximity to the car. After the car was turned off, the CO2
concentration started to decrease due to its diffusion inside the room. On the other side,
the open-path FTIR measured a rapid increase in CO2, once the car was turned on, but it
was no faster than that of the analyzer and it did not reach the same peak. This is because
the FTIR was averaging the concentration over a long distance. After a while, a gradual
increase in the carbon dioxide was measured with a slower rate due to the continuous
diffusion of carbon dioxide inside the room.
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Figure 5. (a) Carbon dioxide concentration versus time. (b) Water vapor concentration versus
time. The red region represents the interval of introducing pollution using car acceleration. (c) NO
concentration measured by the analyzer. (d) NO2 concentration measured by the analyzer.

The concentration of water vapor was monitored for a wavelength peak at 1.848 µm
in the FTIR measurement. It was compared using the water concentration evaluated from
the humidity sensor and the temperature sensor, as depicted in Figure 5b. The saturated
water vapor pressure (Pascal) is calculated using the Magnus formula as follows [20]:

PH2Osat. = 0.61exp
(

17.62T
243.12 + T

)
(5)

where T is the temperature in ◦C and the corresponding water concentration is given by

CH2O(%) = RH(%) ∗
PH2Osat.

P
(6)

where P is the total air pressure. The concentrations of NO and NO2 measured by the
analyzer are plotted in Figure 5c,d, respectively. It is worth mentioning that there was a
signal interruption in the analyzer from 6:10 to 7:10, causing a drop in the signal during
this period. However, a spike in both gases can be observed once the pollution started.

The detection limits, as summarized in Table 1, show that the MEMS-based setup
had a detection limit of water relative humidity (RH) of 0.07%, which is much less than
the outdoor typical values (30–50%). For CO2, the detection limit was 40 ppb, which
is also much less than the typical outdoor values (250–400 ppm). On the other side,
the detection limit for NO was much deviated from the typical values. According to
that, the presented setup presents a promising solution using open-path measurements
surpassing conventional open-path FTIR sensors, which suffer from high cost, bulkiness
and heaviness [21–23].
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3.3. Laboratory-Scale Study on Volatile Organic Compounds

To complement the first part of this study, we conducted additional preliminary
experiments at the laboratory scale, aiming to assess on the capabilities of our spectral
sensor regarding volatile organic compounds (VOCs), which is another important family
of indoor gaseous pollutants. An experiment was conducted to determine the lower limit
of detection (LLOD) of toluene [24], selected among the BTEX family (benzene, toluene,
ethylbenzene, xylenes), known to be among the most harmful of VOCs. Toluene has a
strong absorption at 3.27 µm, which can serve to monitor its concentration.

The method for assessing gas concentration is displayed in Figure 6a. We inserted
light from the source into the multiple-pass gas cell via a collimation lens. The light then
made 40 rounds within the gas cell, and a separate lens gathered the output from the
cell and directed it back into the MEMS spectrometer. We inserted toluene into the gas
cell at various carefully measured concentrations in both the ppm and the ppb ranges,
documenting the spectral response at each concentration level.

Figure 6. (a) Schematic of multi-pass gas cell. (b) Experimental setup for measuring toluene (adapted
with permission from Ref. [24], A. Fathy et al., 2019, SPIE). Toluene with a given concentration is
transferred from the Tedlar gas to the multi-pass gas cell. A light source is used to inject light into the
cell and finally detected by the spectrometer. (c) Measured SNR for different average times.

We charted a transmission spectrum through 8 ppm of toluene with an 80 cm−1

resolution. This measured transmission curve is graphically represented alongside the
hypothetical curves in Figure 7a. The recorded data align well with the simulations. Any
discrepancies observed after 3400 nm in the curve are likely due to the self-apodization of
the MEMS spectrometer, a deviation from the ideal case.

We also charted the transmission spectra for the 3, 8, 28 and 55 ppm concentration
levels, as shown in Figure 7b. These curves depict a consistent decrease in the transmission
curve with a decreasing concentration. In Figure 7c, we present the transmission curves for
700 and 2000 ppb. At lower concentrations, the residual water in the gas cell produces side
lobes that impact the spectrum. These lobes obscure the absorbance of toluene around the
3.27 µm mark.

We investigated the linearity of the system by plotting toluene absorbance against
its corresponding concentration C, as shown in Figure 7d, using the absorbance formula
A = − log10 T, where T is the transmittance value at a wavelength of 3.26 µm obtained
from the data shown in Figure 7b,c. We then fitted this curve to a straight line, as shown in
Figure 7d. This figure demonstrates strong linearity (with a coefficient of determination of
R2 = 0.9992) across a broad dynamic range.
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Figure 7. Adapted with permission from Ref. [24], A. Fathy et al., 2019 SPIE. (a) Simulated and
measured spectrum of toluene at a concentration of 8 ppm, (b) measured spectra of toluene at
different concentrations in the ppm range (from 8 to 55 ppm), (c) measured spectra of toluene at
different concentrations in the ppb range (from 700 to 2000 ppb). The spectrum is affected by the side
lobes of water absorption, whose relative effect is apparent especially at the lowest concentrations
levels of toluene. (d) Linearity of measured absorbance versus the corresponding concentrations.
The measured points are fitted to a straight line showing good linearity. The regression coefficient is
R2 = 0.9992.

The system’s signal-to-noise ratio (SNR) was evaluated by filling the gas cell with
nitrogen and applying the 100%-line method. We measured the SNR at various average
times, as shown in Figure 6c. The SNR, when measured at lambda λ = 3.27 µm, was
determined to be 5000:1. This figure corresponds to a standard deviation σ in the absorbance
of approximately 10−4. Using the curve fitted in Figure 7d, we calculated the minimum
detectable concentration as follows:

Cmin =
σ

m
(7)

In this equation, m represents the slope of the fitted line. From this, we deduced that
the minimum detectable concentration is around 30 ppb.

Coming back to the experiments conducted in Sense City and described in Figures 1 and 2,
the very large space allowed the implementation of open-path absorption spectroscopy over a
large distance of L = 38 m. Such a large distance is favorable to reach low detection limits
according to the Beer–Lambert Law. On the other side, the latest experiments presented in
Figures 6 and 7 also relate to a rather large distance of L = 38 m, although these experiments
were conducted at the laboratory scale. This was made possible by implementing multiple-
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pass gas cell absorption spectroscopy, which allows operation in a compact space but at the
cost of using an expensive accessory: the multiple-pass gas cell. Another major difference
between the two methods is that open-path absorption spectroscopy gives the average
information about the gas pollutants across the whole propagation distance L, while
multiple-pass gas cell absorption spectroscopy gives more localized information about the
gas pollutants that are inside the cell (which is typically 50× smaller than the propagation
distance L).

4. Conclusions

In conclusion, we presented the potential of a low-cost and compact spectral sensor
to monitor multiple gaseous air pollutants simultaneously. The sensor is based on an
open-path FTIR gas analyzer that uses an MIR MEMS spectrometer produced using MEMS
technologies. The experimental results obtained in a large climatic chamber demonstrated
that the proposed sensor is capable of district-scale monitoring of carbon dioxide and
water vapor simultaneously, with limits of detection of 40 ppb and 0.07% relative humidity
(RH), respectively. This first set of measurement was in good agreement with the reference
analyzers. Additionally, laboratory-scale measurements showed promising results for the
detection of VOCs as they revealed a limit of detection of 30 ppb for toluene. Overall, the
proposed spectral sensor has the potential to be a key enabling technology for ubiquitous
pollution monitoring due to its low cost and compactness. While the performance of
the sensor is still not yet sufficient for NO2, it is already very good for most applications
requiring the measurement of CO2, RH and VOCs. Furthermore, the proposed sensor has
the potential to differentiate multiple VOCs, which is not possible with commercial sensors
that only provide information about total VOCs. The proposed sensor is a promising tool
to address the growing concern of air pollution and improve air quality. Nevertheless,
the sensor has to be evaluated regarding its ability to withstand harsh environments
although it was already exposed to relative humidity (RH) levels ranging from 40% to 63%
and exposed to car exhaust pollutants that contain not only gaseous pollutants but also
solid-state microparticles.

Author Contributions: A.F. conducted the investigations, conceptualization, design, modeling and
measurements; M.G.-C., Y.L.-W., M.A., A.O.G. and A.S. contributed to the measurements and
to the design of experimental setups; T.B. and Y.M.S. initiated the project and provided funding
and resources. T.B., Y.M.S. and D.K. supervised the project, discussed the results and revised the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Air Pollution. Available online: https://www.who.int/health-topics/air-pollution#tab=tab_1 (accessed on 16 August 2020).
2. Gallego, E.; Folch, J.; Teixidor, P.; Roca, F.J.; Perales, J.F. Outdoor air monitoring: Performance evaluation of a gas sensor to assess

episodic nuisance/odorous events using active multi-sorbent bed tube sampling coupled to TD-GC/MS analysis. Sci. Total
Environ. 2019, 694, 133752. [CrossRef] [PubMed]

3. Connolly, R.E.; Yu, Q.; Wang, Z.; Chen, Y.-H.; Liu, J.Z.; Collier-Oxandale, A.; Papapostolou, V.; Polidori, A.; Zhu, Y. Long-term
evaluation of a low-cost air sensor network for monitoring indoor and outdoor air quality at the community scale. Sci. Total
Environ. 2022, 807, 150797. [CrossRef] [PubMed]

4. Wang, J.; Du, W.; Lei, Y.; Chen, Y.; Wang, Z.; Mao, K.; Tao, S.; Pan, B. Quantifying the dynamic characteristics of indoor air
pollution using real-time sensors: Current status and future implication. Environ. Int. 2023, 175, 107934. [CrossRef] [PubMed]

5. Palomeque-Mangut, S.; Meléndez, F.; Gómez-Suárez, J.; Frutos-Puerto, S.; Arroyo, P.; Pinilla-Gil, E.; Lozano, J. Wearable system
for outdoor air quality monitoring in a WSN with cloud computing: Design, validation and deployment. Chemosphere 2022,
307, 135948. [CrossRef] [PubMed]

https://www.who.int/health-topics/air-pollution#tab=tab_1
https://doi.org/10.1016/j.scitotenv.2019.133752
https://www.ncbi.nlm.nih.gov/pubmed/31401501
https://doi.org/10.1016/j.scitotenv.2021.150797
https://www.ncbi.nlm.nih.gov/pubmed/34626631
https://doi.org/10.1016/j.envint.2023.107934
https://www.ncbi.nlm.nih.gov/pubmed/37086491
https://doi.org/10.1016/j.chemosphere.2022.135948
https://www.ncbi.nlm.nih.gov/pubmed/35963375


Sensors 2023, 23, 6343 12 of 12

6. Rai, A.C.; Kumar, P.; Pilla, F.; Skouloudis, A.N.; Di Sabatino, S.; Ratti, C.; Yasar, A.; Rickerby, D. End-user perspective of low-cost
sensors for outdoor air pollution monitoring. Sci. Total Environ. 2017, 607–608, 691–705. [CrossRef] [PubMed]

7. Baraton, M.-I.; Merhari, L. Nanoparticles-based chemical gas sensors for outdoor air quality monitoring microstations. Mater. Sci.
Eng. B 2004, 112, 206–213. [CrossRef]

8. Griffith DW, T.; Pöhler, D.; Schmitt, S.; Hammer, S.; Vardag, S.N.; Platt, U. Long open-path measurements of greenhouse gases in
air using near-infrared Fourier transform spectroscopy. Atmos. Meas. Tech. 2018, 11, 1549–1563. [CrossRef]

9. Deutscher, N.; Griffith, D.; Naylor, T.; Caldow, C.; McDougall, H.; Rayner, P.; Silver, J. Improved open path FTIR detection of
fugitive CO2, CH4 and other trace gases in the atmosphere. Geophys. Res. Abstr. 2019, 21, 1.

10. You, Y.; Moussa, S.G.; Zhang, L.; Fu, L.; Beck, J.; Staebler, R.M. Quantifying fugitive gas emissions from an oil sands tailings pond
with open-path Fourier transform infrared measurements. Atmos. Meas. Tech. 2021, 14, 945–959. [CrossRef]

11. Todd, L.A.; Ramanathan, M.; Mottus, K.; Katz, R.; Dodson, A.; Mihlan, G. Measuring chemical emissions using open-path Fourier
transform infrared (OP-FTIR) spectroscopy and computer-assisted tomography. Atmos. Environ. 2001, 35, 1937–1947. [CrossRef]

12. Kirchgessner, D.A.; Piccot, S.D.; Chadha, A. Estimation of methane emissions from a surface coal mine using open-path FTIR
spectroscopy and modeling techniques. Chemosphere 1993, 26, 23–44. [CrossRef]

13. Hong, D.W.; Heo, G.S.; Han, J.S.; Cho, S.Y. Application of the open path FTIR with COL1SB to measurements of ozone and VOCs
in the urban area. Atmos. Environ. 2004, 38, 5567–5576. [CrossRef]

14. Richter, D.; Erdelyi, M.; Curl, R.F.; Tittel, F.K.; Oppenheimer, C.; Duffell, H.J.; Burton, M. Field measurements of volcanic gases
using tunable diode laser based mid-infrared and Fourier transform infrared spectrometers. Opt. Lasers Eng. 2002, 37, 171–186.
[CrossRef]

15. Sense-City, Marne-la-Vallée, France. Available online: https://sense-city.ifsttar.fr/en/ (accessed on 14 May 2023).
16. Wolfe, W.L. Introduction to Radiometry; SPIE Press: Bellingham, WA, USA, 1998.
17. Lieber, C.A.; Mahadevan-Jansen, A. Automated method for subtraction of fluorescence from biological Raman spectra. Appl.

Spectrosc. 2003, 57, 1363–1367. [CrossRef] [PubMed]
18. Zhang, Z.-M.; Chen, S.; Liang, Y.-Z. Baseline correction using adaptive iteratively reweighted penalized least squares. Analyst

2010, 135, 1138–1146. [CrossRef] [PubMed]
19. Shao, L.; Griffiths, P.R. Automatic baseline correction by wavelet transform for quantitative open-path Fourier transform infrared

spectroscopy. Environ. Sci. Technol. 2007, 41, 7054–7059. [CrossRef] [PubMed]
20. Magnus, G. Versuche über die Spannkräfte des Wasserdampfs. Ann. Phys. 1844, 137, 225–247. [CrossRef]
21. Childers, J.W.; Thompson, E.L., Jr.; Harris, D.B.; Kirchgessner, D.A.; Clayton, M.; Natschke, D.F.; Phillips, W.J. Multi-pollutant

concentration measurements around a concentrated swine production facility using open-path FTIR spectrometry. Atmos. Environ.
2001, 35, 1923–1936. [CrossRef]

22. Griffiths, P.R.; Shao, L.; Leytem, A.B. Completely automated open-path FT-IR spectrometry. Anal. Bioanal. Chem. 2009, 393, 45–50.
[CrossRef] [PubMed]

23. SBIR. SBIR Phase II: An Improved Open-Path FTIR Spectrometer for Remote Monitoring of Atmospheric Gases. Available online:
https://www.sbir.gov/sbirsearch/detail/392679 (accessed on 14 May 2023).

24. Fathy, A.; Sabry, Y.M.; Amr, M.; Gnambodoe-Capo-chichi, M.; Anwar, M.; Ghoname, A.O.; Amr, A.; Saeed, A.; Gad, M.;
Al Haron, M.; et al. MEMS FTIR optical spectrometer enables detection of volatile organic compounds (VOCs) in part-per-billion
(ppb) range for air quality monitoring. In Proceedings of the MOEMS and Miniaturized Systems XVIII, Photonics West Conference,
San Francisco, CA, USA, 2–7 February 2019; SPIE: Bellingham, WA, USA, 2019; Volume 10931, p. 1093109.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.scitotenv.2017.06.266
https://www.ncbi.nlm.nih.gov/pubmed/28709103
https://doi.org/10.1016/j.mseb.2004.05.033
https://doi.org/10.5194/amt-11-1549-2018
https://doi.org/10.5194/amt-14-945-2021
https://doi.org/10.1016/S1352-2310(00)00546-X
https://doi.org/10.1016/0045-6535(93)90410-7
https://doi.org/10.1016/j.atmosenv.2004.06.033
https://doi.org/10.1016/S0143-8166(01)00094-X
https://sense-city.ifsttar.fr/en/
https://doi.org/10.1366/000370203322554518
https://www.ncbi.nlm.nih.gov/pubmed/14658149
https://doi.org/10.1039/b922045c
https://www.ncbi.nlm.nih.gov/pubmed/20419267
https://doi.org/10.1021/es062188d
https://www.ncbi.nlm.nih.gov/pubmed/17993147
https://doi.org/10.1002/andp.18441370202
https://doi.org/10.1016/S1352-2310(00)00545-8
https://doi.org/10.1007/s00216-008-2429-6
https://www.ncbi.nlm.nih.gov/pubmed/18946664
https://www.sbir.gov/sbirsearch/detail/392679

	Introduction 
	Materials and Methods 
	Sense City: A District-Scale Climatic Chamber 
	Experimental Setup 

	Results and Discussion 
	Design Considerations on the Setup for Open-Path Gas Absorption Spectroscopy 
	District-Scale Experimental Study in Sense City 
	Laboratory-Scale Study on Volatile Organic Compounds 

	Conclusions 
	References

