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Abstract: Nowadays, the electronic nose (e-nose) has gained a huge amount of attention due to its
ability to detect and differentiate mixtures of various gases and odors using a limited number of sen-
sors. Its applications in the environmental fields include analysis of the parameters for environmental
control, process control, and confirming the efficiency of the odor-control systems. The e-nose has
been developed by mimicking the olfactory system of mammals. This paper investigates e-noses
and their sensors for the detection of environmental contaminants. Among different types of gas
chemical sensors, metal oxide semiconductor sensors (MOXs) can be used for the detection of volatile
compounds in air at ppm and sub-ppm levels. In this regard, the advantages and disadvantages
of MOX sensors and the solutions to solve the problems arising upon these sensors’ applications
are addressed, and the research works in the field of environmental contamination monitoring are
overviewed. These studies have revealed the suitability of e-noses for most of the reported applica-
tions, especially when the tools were specifically developed for that application, e.g., in the facilities
of water and wastewater management systems. As a general rule, the literature review discusses the
aspects related to various applications as well as the development of effective solutions. However,
the main limitation in the expansion of the use of e-noses as an environmental monitoring tool is
their complexity and lack of specific standards, which can be corrected through appropriate data
processing methods applications.

Keywords: e-nose; olfactory system; metal oxide semiconductor sensors; environment contamination
monitoring; olfactory classes; volatile compounds; air; specific applications; water and wastewater
management

1. Introduction

E-noses, through mimicking the olfactory system of humans, can detect various
smells, which makes them suitable for an extensive range of environmental analysis fields,
applications in the food industry, medical practice for disease diagnosis, etc. [1–5]. Among
the different types of chemical sensors employed in e-nose technology, the metal oxide
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semiconductor sensors (MOXs) are the most actively used class. According to the data from
the Scopus database (statistic from 17 March 2023), among the 3023 e-nose systems reported
from 1974 up to nowadays, more than 35% (1073 sensing systems) were based on MOX
sensors’ technology [6]. Thus, the analysis of the last 20 years of publications on MOXs
indicates first of all the continuous growth of the scientists’ interest in the development of
these types of sensing devices: from 180 papers published in 2000 to 2276 research works
in 2022 and 561 papers already published in first trimester of 2023; see Figure 1a. Among
this research, the chemical, biochemical and chemical engineering applications of MOXs
sensors account more than 24% of all research studies in the field, which are followed by
engineering (23%), material science (21%), physics and astronomy (19%), computer science
(4%), energy (2%), medicine (1%), and other multidisciplinary applications; see Figure 1b.
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They can be also utilized as an alternative technology for the assessment of some AGS-
available gases such as carbon monoxide [8]. The schematic presentation of an MOX sen-
sor is given in Figure 2. The working principle of the MOX device is based on the changes 
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Typically, MOX sensors are resistive sensors made of metal oxide semiconductors
which have been regarded as a suitable candidate for the development of low-cost and
highly efficient sensors due to their simple physical basis in the measurement of the
resistance as well as high sensitivity to different gases [7]. The MOX sensors are also called
chemical resistance or semiconductor sensors. These devices are often used to evaluate
volatile compounds at ppm and sub-ppm levels, and compared to amperometric gas
sensors (AGSs, i.e., electrochemical gas sensors based on amperometry), MOXs are one
of the promising technologies for the detection of Inorganic gases at low concentration
levels. They can be also utilized as an alternative technology for the assessment of some
AGS-available gases such as carbon monoxide [8]. The schematic presentation of an MOX
sensor is given in Figure 2. The working principle of the MOX device is based on the
changes in the electrical resistance of the specific metal oxide semiconductor (for instance
SnO2) upon exposure to gases at high temperatures (150–500 ◦C). The sensing material is
placed on a substrate with integrated electrodes (to retrieve the electrical resistance) and a
vapor resistor (to heat up the sensing materials).
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The MOX sensors were first introduced as resistive chemical gas sensors in 1952
by Brattain and Bardeen, who showed that some semiconductor materials change their
resistance depending on the surrounding atmosphere [11]. Conductivity variations occur
in MOXs due to electron transmission with the adsorption and desorption of gas molecules,
in which the shape and size of nanostructures play an important role. Material properties
are also essential for increasing the sensitivity of sensors (such as electronic, morphological,
and chemical properties, catalyst dispersion, Fermi surface position, crystal size, and their
network connection) [12]. Among them, tin oxide is one of the most frequently used
thanks to its high sensitivity, low temperature, and low fabrication costs compared to other
semiconductors [13].

Although MOX sensors are intrinsically non-specific, their sensitivity can be improved
by some techniques, among which multivariate predictive models [14], application of
the dynamic response of a transient sampling or temperature modulation [15,16], doping
the metal oxide layer with noble metals [17], and the use of chemical filters [18,19] are
more popular.

The MOX sensors are smaller, faster (response time of 10 to 20 s), and more durable
than the above-mentioned AGS sensors; however, MOXs suffer from susceptibility to
humidity, which can be resolved by modulation of the working temperature [20]. Thanks to
the microelectromechanical systems (MEMS), MOX sensors can be deposited on a miniature
layer on a small thermal plate, creating a footprint of few mm2, a response time of 5–10 s,
and a power rating of 15–30 mW. The response time and energy consumption rate can be
decreased by signal processing techniques [21,22] as well as acquisition cycles [22]. Addi-
tionally, the sensor housing (which is essential for the placement of all sensors) increases
the response time; on the other hand, the use of electricity might be problematic. Therefore,
designing small housings is essential for fast measurements [21].

Controlling and monitoring the emission of combustion-related greenhouse gases
has become a top priority of many industrial processes for the reduction in energy con-
sumption, improvement of product quality, and protection of the environment [23,24].
Therefore, sensor-based smart systems have been widely used in various fields, especially
in the detection of toxic and flammable gases. Energy efficiency and other industrial and
environmental applications require the development of fast, reliable, sensitive, selective,
and low-cost sensors. Industrial processes have long relied on gas detection systems us-
ing infrared spectroscopy, gas chromatography/mass spectrometry (GC/MS), and also
chemiluminescence with limitations in proper detection and fast response times [25]. These
instruments are expensive, bulky, incompatible with high-temperature environments, and
they require maintenance and gas sampling systems [26,27]. Therefore, small and stable
gas sensors capable of detecting odors over a wider range at high sensitivity and selectivity
are essential for online monitoring at low and high temperatures with short response and
recovery times [28].
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The low power requirement, simplicity, lightweight, the possibility of merging with
fixed measurement systems, and portability are among the major advantages of MOX
sensors [29]. Thus, for instance, these sensors are the basis of industrial and domestic
carbon monoxide alarms [30], and they also have been employed in the e-noses systems for
various applications including medicine [31], pharmacy [32], food quality control [33–40],
agriculture [33,41–43], and odor classification [42–46], among others.

This article investigates the MOX sensors and e-nose sensor arrays applications in the
environmental monitoring and presents the achievements in the field over the last 5 years.
The review includes several sections dedicated to the description of different principles of
operation of metal oxides as gas sensing materials, which are followed by the description
of the selected applications of different types of MOXs for evaluation of the pollutant gases,
air quality assessment, and water and wastewater pollution evaluation.

2. Principle of Operation of MOX Sensors

Work on MOX semiconductor metal oxide sensors has been ongoing since the mid-
20th century. The gas-sensitive properties of germanium oxide were described in 1953 [11].
The first gas sensors were made of zinc oxide ZnO, which was followed by the use of such
materials as SnO2, TiO2, WO3, Ga2O3, In2O3 or Fe2O3. Out of the aforementioned materials,
granular tin dioxide is the most widely studied and used; it has a developed surface
on which the adsorption/desorption phenomenon of the studied gases occurs [47,48].
Depending on the technique for producing the gas-sensitive layer, the sensors are divided
into thin-film sensors with a layer thickness of 5 nm to 2 µm and thick-film sensors with a
layer thickness of 10–300 µm. Sputtering or evaporation techniques are used to deposit thin-
film gas-sensitive material. In thick-film ones, a layer of paste containing metal oxides is
applied and then fired at high temperature. Thick-film sensors, compared to thin-film ones,
are less susceptible to poisoning, are more durable, and exhibit higher sensitivity [48,49].

MOX sensors allow measuring gas concentrations through the phenomenon of chang-
ing the electrical conductivity of a semiconductor receptor–transducer element. In MOX
sensors, the measuring element is usually a tin dioxide sinter. Depending on the purpose
of the sensor, the semiconductor sinter contains various dopants in the form of precious
metals. The change in electrical conductivity in the semiconductor layer is the result of a
chemisorption process, i.e., the formation of chemical bonds between gas molecules and the
semiconductor. This leads to a change in the concentration of current carriers on the surface
of the semiconductor and thus a change in electrical conductivity [47,50]. The mechanism of
signal formation in a semiconductor is shown in Figure 3. Adsorption sites in oxygen vacan-
cies of the surface layer of semiconductor grains are of fundamental importance. Vacancies
are point defects in the crystal lattice consisting of the non-occupancy of lattice nodes with
atoms or ions. They constitute active centers, i.e., fragments of the receptor–transformer
element involved in oxygen chemisorption. In the vacancies, oxygen is bound from the
air (Figure 3a), which shares electrons from the semiconductor (Figure 3b). As a result,
a surface layer of weak conductance is formed in the semiconductor, which is depleted
of electrons (Figure 3c). Depending on the oxygen partial pressure and temperature, an
equilibrium state is produced in the system for the vacancy concentration and oxygen
concentration. During exposure of the semiconductor to the reducing gas, the reaction is
reversed. Gas molecules bind to oxygen atoms (Figure 3d). The electrons shared by oxygen
return to the semiconductor (Figure 3e), reducing the surface electron-depleted layer, a
symptom of which is an increase in conductance (Figure 3f). The reaction of the reducing
gas with the adsorbed oxygen produces molecules of chemical compounds such as CO,
CO2 or H2O [48,51].
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An energy barrier Wg is formed between the grains of the semiconductor, inhibiting
the flow of electrons. The energy barrier is a range of energy equal to the work of exit of
electrons from a semiconductor grain, which is defined in the electron volt unit. When
a semiconductor is in a pure air atmosphere, the depleted layer increases, and thus, the
energy barrier between grains is increased as well (Figure 4). The energy barrier is lower
when the semiconductor is in an atmosphere of reducing gaseous impurities [12]. From
a practical point of view, this means that the resistance R decreases when the sensor is
in an atmosphere of polluted air. The resistance of the sensor can be expressed by the
formula [47,53]:

R = RZ exp
(

Wg

kBT

)
, (1)

where Rz—internal grain resistance (Ω), Wg—energy barrier (eV), kB—Boltzmann constant
(eV·K−1), T—temperature (K).
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Depending on the temperature of the semiconductor substrate, different patterns of
oxygen binding on the semiconductor layer can be distinguished. At low temperature,
weak physical adsorption by van der Waals forces dominates, with a binding strength
of less than 0.1 eV. Between the adsorbed gas molecules and the semiconductor surface,
there is no exchange of electric charge and the resulting change in the concentration of
carriers in the gas-sensitive layer, so low-temperature adsorption does not cause a change in
conductivity [56]. Below 400 K, O2

− ionic forms appear, while at temperatures above 400 K,
the more stable adsorbed O− and O2

− electron-rich ionic forms of oxygen begin to appear,
which are responsible for the useful properties of oxide sensors [12]. This results in the
manufacturers’ recommended operating temperature of the receptor–transducer element,
in which oxygen ionic forms are dominant at the range of 630–650 K. The adsorbed oxygen
ionic forms create strong covalent bonds with electrons from the semiconductor surface
layer with a binding energy of 0.6 to 1 eV between the gas molecules and the semiconductor
surface. Increasing the temperature above 700 K leads to the formation of surface and
volume defects in the semiconductor.

Sensitivity and selectivity are important parameters in the selection of sensors for the
array. Improvement of these sensor parameters is performed by [47,48]:

• Development of new gas-sensitive materials;
• Modification of the sensor design;
• Uniform temperature distribution of the receptor element;
• Use of doping substances;
• Incorporation of a catalytic filter.

In the case of SnO2, the best sensitivity is obtained when the effective Debey length
of the LD is close to the grain radii of the semiconductor; for this reason, the use of
polycrystalline and nanocrystalline structures is preferred. The use of catalytic dopants
in the gas-sensitive material has a very good effect on improving selectivity. The most
common are precious metals such as gold, palladium, platinum and silver [57–59]. The
mechanism for improving sensor sensitivity with dopants is described by two models:
chemical and electrical. The chemical model assumes that there is increased oxygen or
hydrogen bonding on the surface of catalytic dopants (Figure 5a). The catalyst increases
the number of dissociated molecules while decreasing the energy required to dissociate
the gas molecules. The products of dissociation are weakly bound to the catalyst and are
displaced to the grain surface. In the electrical model (Figure 5b), the grain conductance is
affected by the contact between the catalyst and the grain surface. The partially oxidized
metallic catalyst binds electrons from the semiconductor so that the width of the depleted
layer increases [48,60,61].
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Knowing the resistance of the sensor in the gas atmosphere, the gas concentrations
can be read using the characteristics provided by the manufacturer. In oxide sensors, a
thin layer of SnO2 paste is applied to a ceramic substrate and then fired at 970–1270 K.
The substrate is a tube with an inner diameter of 1 mm or a plate with good thermal
conductivity (20 W/m·K), made of Al2O3. A heating coil with a resistance of a few dozen
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ohms is placed inside the tube or on the bottom layer of the plate. Metallic electrodes (Au
or Pt) are sputtered at the ends of the ceramic tube to allow electrical connection of the
semiconductor [48,50].

Gas sensors operate in a variety of environmental conditions and atmospheres of
varying composition. Changes in sensor characteristics can also occur due to [47,50]:

• Occupancy of active centers by interfering compounds;
• The co-reaction of gaseous pollutants;
• The presence of water vapor.

Gas sensors operating in environments with high concentrations of chemical com-
pounds are particularly prone to permanent poisoning, which is associated with irreversible
changes in their characteristics. This phenomenon necessitates cyclic calibration. The stud-
ies conducted by Romain et al. [62] on the long-term stability of MOX sensors showed that
there was a significant change in sensor characteristics after 7 years. Longer life can be
provided by reducing the sensor’s exposure time to contaminants. Sequential sampling for
a short time of a gas sample combined with flushing with clean air is a good solution.

3. Semiconductor Metal Oxides as Gas-Sensing Materials

Metal oxides, MOXs, are widely employed in modern sensing materials due to their
tunable physical and chemical properties. The performance of the MOXs depends on
their chemical and structural features including the chemical composition, morphology,
structural defects, specific surface area, grain size, etc. [63]. The variation of any of these
features could provide control over the sensor features. Thanks to their unique properties,
MOXs are among the most diverse classes of materials covering almost all aspects of
material science and physics in the fields of superconductivity, semiconductors, magnetic,
and ferroelectric materials [64]. Several MOXs, such as for instance SnO2, In2O3, ZnO,
WO3, CdO, and TiO2, are used as the sensing material in the semiconductor sensors. These
distinct transparent conductive oxides are characterized by sufficient electrical conductivity,
high reactivity, and a wide spectrum of transparency. Among the above-mentioned MOXs,
TiO2 and SnO2 are the two most popular due to their low fabrication cost, mechanical and
chemical stability, and high thermal resistance and adhesion to glass [28]. The selection
of metal oxide materials for gas-sensing applications depends on factors such as their
electrical conductivity, reactivity, stability, sensitivity to specific gases, and cost. The
specific requirements of each application, such as the target gases to be detected, operating
conditions (temperature, humidity), and desired sensing performance, also play a crucial
role in determining the choice of metal oxide materials.

The more detailed description of TiO2 and SnO2 properties, including the possible
sensing material modifications, as well as the main characteristics, sensing properties and
gas sensing applications of common MOXs materials will be provided in the following
sections of this review.

3.1. Titanium Oxide (TiO2)

Titanium dioxide (TiO2) is a widespread, non-toxic, inexpensive, and environmentally
friendly compound [65] that makes it suitable for various applications in biosensors, UV
sensors, photocatalysts, humidity sensors, CO2 reduction and H2 production processes.
Being an n-type semiconductor, TiO2 is widely used in the development of conductometric
gas sensors [66]. As a sensing material, TiO2 benefits from large and reversible resistance
variations along with exceptional high-temperature chemical stability; it can be found in
three major phases: brookite (orthorhombic), anatase (tetragonal), and rutile (tetragonal)
phases with energy bandgaps of 3 eV (rutile), 3.2 eV (anatase) and 3.13–3.40 eV (brookite),
respectively [67]. Among these crystal phases, the rutile is the constant and major phase,
while the anatase phase offers better outcomes in the gas-sensing applications. For instance,
anatase gas sensors are employed in solar cells (due to their intrinsic properties such as
high electron mobility, low density, and small dielectric constant) [68]. TiO2 is used as the
photoactive layer in the gas sensor in which the mechanism of chemical resistance and
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conductivity is based on the adsorption process or repulsion of reducing and oxidizing
gases [69]. Some parameters of TiO2 nanostructures should be improved to further extend
their applications: for instance, sensor signal, conductivity of TiO2 in the air, response and
recovery level as well as doping [28]. TiO2 gas sensors find applications in biosensing, UV
sensing, photocatalysis, and humidity sensing. Tin oxides (SnO and SnO2) gas sensors are
utilized for carbon monoxide detection, environmental monitoring, industrial processes,
and breath analysis. Some of the industrial processes where tin oxide gas sensors find
application include the following. First, they are useful in combustion monitoring. Tin
oxide gas sensors can be used in industrial combustion processes, such as those in power
plants or manufacturing facilities, to detect the presence of carbon monoxide (CO) and
ensure efficient and safe combustion. Second, there is emissions control. In industries that
produce harmful gases as by-products, such as automotive manufacturing or chemical
plants, tin oxide gas sensors can be utilized to monitor and control emissions, ensuring
compliance with environmental regulations. Third, they are of use in the petrochemical
industry. Tin oxide gas sensors play a vital role in the petrochemical industry, where they
are used to detect and monitor volatile organic compounds (VOCs) and other gases that may
be present in the production processes or storage facilities. A fourth area is semiconductor
manufacturing. Tin oxide gas sensors find application in the semiconductor industry,
where they are used to monitor and control gas concentrations during the manufacturing
processes to ensure the quality and safety of semiconductor devices. Lastly, there are
applications in the food and beverage industry. In the food and beverage industry, tin oxide
gas sensors can be utilized for gas monitoring in storage facilities, fermentation processes,
and packaging environments, helping to maintain product quality and safety.

3.2. Tin Oxides (SnO and SnO2)

Tin oxide (SnO) is a p-type semiconductor with a direct bandgap of 2.5–3.0 eV [70].
Tin oxide (SnO2), also called cassiterite, has a rutile structure similar to other metal oxide
semiconductors. Compared to SnO2, SnO is unstable at temperatures above 270 ◦C. In
general, the gas sensors are made of thick porous SnO2 film with a higher surface-to-volume
ratio. When the material is heated up, the electrons are entrapped and adsorbed by the
molecules of material; moreover, the energy band bending alters the conductivity [71].

SnO2, due to its low-temperature reactivity (which varies from room temperature to
several hundreds of degrees Celsius depending on the gaseous analyte type), has been
widely used in a variety of applications, including biosensors, humidity sensors, UV sensors,
photocatalysts, batteries, and thin film transistors. SnO2 belongs to the group of surface-
sensitive materials [72]. Changes in the electrical conductivity of sensor materials can be
attributed to conduction band diffusion, and changes in the charge carrier concentration
are due to high charge mobility.

For SnO2, the chemisorbed oxygen (or adsorbed ion) and other molecules with net
electric charge are the main stimuli of response, rather than the oxygen composing SnO2
lattice. The presence of these charged species can decrease or increase the SnO2 surface
conductivity, and, as a consequence, vary the gas response signal intensity. Moreover,
SnO2 performance can be modified by additives in order to increase the charge carrier
concentration by donor atoms or enhance the gas sensitivity or catalytic activities by metallic
additives [28]. Among other MOXs, SnO2 is the best material for CO gas sensing [71].
Tin oxide (SnO and SnO2) gas sensors find applications in various industrial processes,
environmental monitoring, and breath analysis. In industrial processes, they are used
for combustion monitoring, ensuring efficient and safe combustion in power plants and
manufacturing facilities. They also play a role in emissions control, helping to monitor
and regulate the release of harmful gases in industries such as automotive manufacturing
and chemical plants. They contribute to assessing and improving overall air quality in
various settings, including urban areas, industrial zones, and residential environments.
Furthermore, tin oxide gas sensors are employed in breath analysis applications. They can
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detect and measure certain gases present in human breath, providing valuable insights for
medical diagnostics and the monitoring of respiratory conditions.

3.3. Zinc Oxide (ZnO)

Zinc oxide (ZnO) is a cost-effective, non-toxic, abundant, and chemically stable n-type
semiconductor (due to local defects such as Zn interstitials and O vacancies) with a wide
energy bandgap and large excitation binding energy [73]. Polar surfaces have different
physical and chemical properties compared to non-polar ones, and O-polar surfaces also
have different electronic structures. These features play a vital role in the development of
ZnO properties such as crystal growth, polarization, and defect. For gas-sensing purposes,
the polar surface of Zn is more active than the O-polar and non-polar surfaces (due to
the formation of active OH− ions) [74]. ZnO can be also employed in other applications,
such as solar cells, humidity sensors, photocatalysis, UV sensors, biosensors, and field-
effect transistor sensors [74]. According to the Krishnakumar and coworkers, various
morphologies of ZnO can be attained by changing synthesis parameters such as precursors
and microwave irradiation time [75]. The shape/morphology of different samples of
ZNA (zinc acetate, liquid ammonia, pH8 (Natural Alkaline Water)), ZNH (zinc nitrate,
hydrazine hydrate) and ZNS (zinc nitrate, PVP, liquid ammonia) are spherical, flower,
and star, respectively, as depicted in the following Figure 6 [75]. Zinc oxide (ZnO) gas
sensors are used for gas detection, environmental monitoring, industrial processes, and
breath analysis applications. In the context of zinc oxide (ZnO) gas sensors, environmental
monitoring and industrial processes encompass a range of applications where these sensors
are utilized for gas detection and analysis. For one, there is the environmental monitoring
of indoor air quality. ZnO gas sensors are used to monitor and assess the quality of indoor
air in various settings such as homes, offices, schools, and public buildings. They can detect
gases released from building materials, furniture, cleaning products, and other indoor
pollution sources.
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In addition, they are also useful in industrial processes and maintaining industrial
hygiene. ZnO gas sensors are used in industrial settings to monitor workplace air quality
and ensure the safety and well-being of workers. They can detect and measure hazardous
gases generated in manufacturing processes, such as solvents, fumes, and toxic gases. As
for process monitoring, ZnO gas sensors find application in various industrial processes
where real-time monitoring of gas concentrations is required. This includes monitoring
gas levels in chemical reactions, material off-gassing, and quality control in manufacturing
processes. Lastly, they are also useful in leak detection. ZnO gas sensors are utilized in
industries such as oil and gas, chemical, and refrigeration to detect and locate gas leaks.
They provide early warning systems for detecting leaks of flammable, toxic, or harmful
gases, helping to prevent accidents and ensure worker safety.
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3.4. Indium Oxide (In2O3)

Indium oxide (In2O3) is an n-type semiconductor with a large bandgap (3.75 eV).
In2O3 exists in two crystalline lattice structures: cubic and rhombohedral with the bandgap
energy of 3 eV. Cubic indium oxide has a relatively high electrical conductivity, it is
non-stoichiometric, and it is widely used in microelectronics [76]. The properties of In2O3-
based gas sensors strongly depend on the preparation conditions, the electronic state
of the indium, and the phase composition. In2O3 has found numerous applications in
various fields, such as photoelectric devices, biosensors, solar cells, gas sensors, and high-
transparency coatings [76].

Indium oxide (In2O3) gas sensors are used for gas detection, environmental monitoring,
industrial applications, and in the automotive industry for emission control. Here are
examples of environmental monitoring and industrial applications for In2O3 gas sensors.
First, there is environmental monitoring and environmental remediation. In2O3 gas sensors
play a role in environmental remediation efforts by detecting and monitoring hazardous
gases in contaminated soil, water, or air. They assist in identifying pollution sources and
assessing the effectiveness of remediation strategies. Then, there are industrial applications
such as emissions control. In2O3 gas sensors are used in industrial sectors, including power
plants, chemical plants, and manufacturing facilities, for emissions control. They monitor
and regulate the levels of pollutants such as nitrogen oxides (NOx), sulfur oxides (SOx), and
volatile organic compounds (VOCs) to ensure compliance with environmental regulations.
As for industrial processes, In2O3 gas sensors help detect and measure gases generated
during manufacturing, chemical reactions, and material off-gassing, ensuring process
efficiency and safety. In addition, In2O3 gas sensors are employed in industries such as oil
and gas, chemical, and refrigeration for gas leak detection. They provide early warning
systems for detecting leaks of flammable, toxic, or harmful gases, helping to prevent
accidents and ensure worker safety. In the automotive industry, they monitor and measure
gases such as nitrogen oxides (NOx), carbon monoxide (CO), and hydrocarbons (HC) in
vehicle exhaust systems, enabling compliance with emission standards and improving
air quality.

3.5. Tungsten Oxide (WO3)

Tungsten oxide is an n-type semiconductor with a large bandgap (2.6–3.25 eV); it
is one of the most used materials for MOXs gas sensors. WO3 has a very complex non-
stoichiometric crystal structure and is available in various lattices (cubic, monoclinic,
hexagonal, and orthombeic) [77]. The monoclinic WO3 (P21/n) has been mostly studied for
gas measurement applications. The thermochromic properties of WO3 make it useful for
smart electrochromic displays and windows [78]. It also has found extensive applications
in biosensors, gas, humidity, and UV sensors. The specific WO3 properties such as its
reversible conductivity change, selectivity, biocompatibility, and high sensitivity make it
suitable for biosensing applications [79].

The WO3 films may be produced in different phase (crystalline lattice), porosities, sizes,
and thicknesses through various methods such as sputtering, PLD/CVD, wet chemical
method, vacuum sublimation, electrochemical, and thermal oxidation [80]. The perfor-
mance parameters of WO3-based gas sensors mainly depend on the preparation method
and post-annealing operation [80]. Tungsten oxide (WO3) gas sensors are used for gas
detection, environmental monitoring, industrial processes, and in the development of
smart windows for energy-efficient buildings. Here are examples of environmental mon-
itoring and industrial applications for WO3 gas sensors. First, there is environmental
monitoring and air quality monitoring in particular. WO3 gas sensors are utilized in air
quality monitoring systems to detect and measure pollutants such as nitrogen dioxide
(NO2), carbon monoxide (CO), ozone (O3), volatile organic compounds (VOCs), and other
harmful gases present in the ambient air. They contribute to assessing and improving
overall air quality. Then, there are industrial applications and industrial processes. WO3
gas sensors are employed in various industrial processes for gas monitoring and control.
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They detect and measure gases generated during manufacturing, chemical reactions, com-
bustion processes, and material off-gassing, contributing to process optimization, efficiency,
and safety. WO3 gas sensors are also utilized in the development of smart windows for
energy-efficient buildings. These sensors can detect changes in gas concentrations, such
as carbon dioxide (CO2) levels, and trigger the windows to adjust their transparency or
ventilation accordingly, optimizing energy usage and indoor comfort.

3.6. Copper Oxides (Cu2O and CuO)

CuO is a p-type semiconductor with a narrow bandgap of 1.2 eV. The copper oxide
known as cupric oxide is black. Another copper oxide is the red-colored cuprous oxide
(Cu2O), which is red in color and has a bandgap of 2 to 2.17 eV [81]. CuO has a monoclinic
crystal structure.

CuO has been used for various applications such as batteries, biosensors, thin film tran-
sistors, sensors UV sensors, solar cells, humidity sensors, and gas sensors [82]. Cu2O-based
sensors have been less addressed in gas-sensing applications compared to CuO [82]. P-type
CuO semiconductors react differently compared to n-type metal oxide semiconductors
such as SnO2, ZnO, WO3, and TiO2. The most important advantage of p-type metal oxides
is their less temperature-dependent conduction at the high-temperature range compared to
n-type metal oxides. The p-type metal oxides also tend to replace lattice oxygen simply
with air. This property is useful in maintaining the stoichiometry of the metal oxide for the
long life of the sensor. If used carefully, this advantage can maintain stability for a long
time and increase the useful life of the CO gas sensor.

Thermal oxidation is a very popular method in the synthesis of CuO-based sensors
due to its cost-effectiveness, simplicity, and good quality; it is, however, time-consuming.
CuO has been used as a gas sensor to detect a variety of reducing and oxidizing gases [83].
Copper oxide (Cu2O and CuO) gas sensors are used for gas detection, industrial processes,
environmental monitoring, and in renewable energy applications. Here are examples of in-
dustrial processes and environmental monitoring applications for copper oxide gas sensors.
First, there are industrial processes and combustion processes. Copper oxide gas sensors
are used in industrial combustion processes, such as in power plants or manufacturing
facilities, to detect and monitor gases such as carbon monoxide (CO) and hydrocarbons.
These sensors help ensure efficient and safe combustion. Copper oxide gas sensors also
find application in the petrochemical industry for monitoring and controlling gas con-
centrations in various processes. They assist in detecting and measuring gases such as
hydrogen sulfide (H2S), sulfur dioxide (SO2), and volatile organic compounds (VOCs)
to maintain safe working environments. In addition, copper oxide gas sensors are also
employed in renewable energy applications, such as monitoring gas emissions in solar cell
manufacturing or detecting gas leaks in renewable energy storage systems. These sensors
contribute to ensuring the safety and efficiency of renewable energy processes.

4. Main Sensing Properties of MOXs Gas Sensors

Sensitive response and recovery time, selectivity, the limit of detection (LoD), res-
olution, stability, and operating temperature are the major quality indices representing
the performance of the gas sensor [84]. The sensitivity of the gas sensors is in a high
degree dependent on the porosity of the sensing material, presence of dopants/modifiers,
operation temperature, and crystallite size [85,86].

The LoD refers to the minimum concentration of the gas analyte that can be measured.
It is a crucial parameter in determining the suitability of various gas sensors, including
those that utilize MOS sensing materials, particularly for applications such as air quality
monitoring. Table 1 illustrates the threshold limits of major air pollutants established by
the European Union (EU) and the National Ambient Air Quality Standards (NAAQS) in
the United States. These limits typically range from a few parts per billion (ppb) to a few
parts per million (ppm). While studies cited in Table 2 indicate that MOS gas sensors can
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operate below these limits, it is important to note that these systems are currently in the
research and development phase [63].

Table 1. The threshold limits for common pollutants established by regulatory bodies such as the
European Union and US agencies along with the limit of detection (LoD) values reported in the
literature for the best-performing sensors.

Pollutant US Threshold Limits EU Threshold Limits LoD References

CO2 N/A N/A 150 ppb [87]
CO 9 ppm 10 ppm 1 ppm [88]

NO2 53 ppb 50 ppb 5 ppb [89]
O3 120 ppb 70 ppb 20 ppb [90]

SO2 75 ppb 130 ppb 38 ppb [91]

Table 2. E-nose application for evaluating selected wastewater parameters.

Analysis Objectives
Sensors Used-Number × Type

(Device Manufacturer *);
Measurement Protocol *

Obtained Results Literature
Source

Wastewater identification,
determination of BOD

12 × CP (Neotronics Scientific Ltd.,
Chelmsford, England, model D);

flowrate 600 mL/min, odor profiles
from 1 min

Wastewater classification, correlation
of e-nose response with BOD [92]

Wastewater identification,
determination of BOD

12 × CP (Neotronics Scientific Ltd.,
Chelmsford, England, model D)

Wastewater classification, correlation
of e-nose response with BOD [92]

Determination of COD,
TSS and turbidity

12 × MOS (Alpha M.O.S., Toulouse,
France, FOX3000); flowrate

150 mL/min, measurement time 60 s

Weak correlation between e-nose
response and parameters: COD

(R = 0.53) TSS (R = 0.52), turbidity
(R = 0.53)

[93]

Wastewater identification

10 × MOS (Airsense Analysentechnik,
Schwerin, Germany, Pen-2); 32 × CP

(Cyrano Sciences, Pasadena, CA, USA
Cyranose 320)

Distinction between odor samples
collected from different locations in

the treatment plant
[94]

Wastewater identification, odor
concentration in the vicinity of

the treatment plant

6 × MOS (EOS25), 6 × MOS (EOS28),
6 × MOS (EOS35); measurement

3 min, treatment 12 min

High success rate in identifying odor
sources (R = 0.95 for the range of

100 ÷ 150 ouE/m3), high correlation
(R > 0.9) with odor concentrations in

the range of 20 ÷ 80 ouE/m3

[95]

Odor concentration

12 × CP (Neotronics Scientific Ltd.,
Chelmsford, England, model D);

flowrate 600 mL/min, odor profiles
from 1 min

Weak correlation between TON and
e-nose response in the range of

125 ÷ 781,066 ouE/m3
[96]

Detection of
hazardous pollutants

8 × CP (ProSat, Marconi Applied
Technologies, Chelmsford, England,

eNOSE 5000); pretreatment 40 s,
measurement 1 min, post-treatment

3 min 20 s

Real-time detection of unknown
pollutants, illegal and accidental

discharges into the sewage network
[97–99]

Odor concentration and stability
of processes in bioreactor

8 × MOS TGS (Figaro, Tokyo, Japan);
odor profiles measurements from

more than 370 h of experiment

High correlation between
measurements of odor nuisances by
e-nose based on MOS sensors and

reference method–dynamic
olfactometry

[48,100]
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Table 2. Cont.

Analysis Objectives
Sensors Used-Number × Type

(Device Manufacturer *);
Measurement Protocol *

Obtained Results Literature
Source

Assessment of basic wastewater
parameters treated in laboratory
sequencing batch reactor with

activated sludge

8 × MOS TGS (Figaro, Tokyo, Japan);
measurements of one-week

experiment–correlation between
pollution indicators and e-nose

readouts

High correlation (r) between e-nose
based on MOS sensors readouts and

pollution indicators COD (0.988), TSS
(0.938), turbidity (0.940), N-NH3
(0.978), N-NO2 (0.0.869), N-NO3

(0.958), VOC (0.98)

[101]

Classification of malfunction in
laboratory sequencing batch
reactor with activated sludge

8 × MOS TGS (Figaro, Tokyo, Japan);
measurements of 60 days experiment

with measurement frequency 1 Hz

The detection accuracy of individual
states at level 78.04% [102]

Application of e-nose for
classification of treatment
effects at full-scale WWTP

17 × MOS TGS (Figaro, Tokyo, Japan);
the total size of multidimensional

dataset 185

Very good accuracy for training and
testing data by decision tree (i.e., 98%
and 97%) and random forest (100%)
for classification of treatment effect

(stages) at full-scale WWTP

[103,104]

Analysis of water quality
parameters and odor

concentration of wastewater

32 × MOS sensors with sampling rate
of 100 HZ

Recognition rate of sampling points at
WWTP at 98.83%, where water

parameters and odor concentration
were predicted with RMSE

less than 0.9476

[105]

* If available; TSS—total suspended solids; TOC—threshold odor number.

As the reactions often occur on the surface of the sensing material, controlling the size
of the semiconducting MOXs material is one of the priorities to increase the sensitivity of
the sensor. In this regard, nanocrystals have shown the highest sensing signals due to their
high specific surface area and higher adsorption capacity [106,107]. H2 detection is now
possible at the sub-ppm level due to the decrease in the size of the sensing material [108]. It
has been also proven that TiO2-based sensors can detect humidity even at room tempera-
ture [109] at higher response and selectivity relative to H2S, CH3OH, and C2H5OH at lower
temperatures [110]. Therefore, sensors have been developed with excellent mechanical
stability, proper repeatability, fast response/recovery times with lightweight, and minimum
energy consumption.

Selectivity defines the ability of the semiconducting layers to detect the target gases or
a single gas in a mixture [84]. The selectivity of the MOXs gas sensors can be improved
by surface modification or bulk doping with catalytic dopants to enhance the adsorption
of target components [111,112]. Previous studies have shown that the sensing materials
based on SnO2 and TiO2 can result in high-selectivity sensors, facilitating the detection of
the target gas in a mixture.

Long recovery time is accompanied by the slow surface reaction rates which can
be accelerated by MOXs doping with metallic catalysts such as Pd and Ag [113]. The
response and recovery times depend on the working temperature. Fields et al. (2006) have
developed a sensor based on a single SnO2 nanobelt for hydrogen detection and found that
the response time declined from 220 to 60 s by elevating the working temperature of the
sensor to 80 ◦C, while the recovery time showed a two-fold increase [114]. Landau et al.
(2009) have explored the effect of temperature on the properties of the sensor and concluded
that the response time and sensitivity of TiO2 nanofibers toward NO2 will be declined
by temperature elevation, while the response time showed a decrement by increasing
the concentration of NO2 [115]. In addition to the properties of the sensing material, the
schematic of the sensors and their design and dimensions also play a decisive role in their
performance [116].

In addition, the geometry and gap size of electrodes are the other important factors
influencing MOXs-based sensors’ performance. Any change in the size of the electrode gap
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can alter the resistance of the device and hence the sensitivity of the sensor. Shaalan et al.
(2011) investigated the impact of the SnO2 sensor gap size on NO2 detection and found
that the selection of the electrode gap size depends on the concentration of the target gas.
They also revealed that the electrodes with large gaps are highly sensitive to high NO2
concentrations [117]. On the one hand, the decrease in the electrode gap size can improve
the selectivity of the sensing material for decreased gas concentration, and on the other
hand, the selectivity can be improved by enhancing the width of the electrode line.

Previously, SnO2 and TiO2 have been synthesized with various morphologies. It was
observed that the morphology can result in unique properties with a prominent role in their
application. The following methods are often used for the synthesis of these compounds:
electrochemical anodization [118], hydrothermal method [119], template-assisted synthe-
sis [120,121], electrospinning [122], and matrix-assisted pulsed laser evaporation [123].

Long-term stability in the presence of siloxanes can decrement the accuracy and even
makes it impossible to use MOXs-based sensors in platforms with a high siloxane load [124].
The lack of repeatability and stability is another drawback of the MOXs sensors [125]. The
main problems of the low-cost gas sensors were summarized in [126]; they are related
mainly to (i) issues related to the working principles of the sensors such as dynamic
boundaries, nonlinear response, systematic errors, and signal drift as well as (ii) issues
assignable to the external errors such as low selectivity and environmental dependence.

Multisensory approach, combining a series of interconnected sensors (sensor array)
with machine learning algorithms, can be used to overcome these limitations. For gaseous
phase analysis, such a system was named electronic nose, or e-nose, in similarity (even if
rather relative) to the working principle of the mammalian olfaction system. Predictive
models such as partial least square (PLS), support vector machine regression (SVM), artifi-
cial neural networks (ANNs), and others have been employed in the MOXs-based e-nose
to identify and to estimate the intensity of the odor [46].

5. The MOXs Materials for Sensing Applications

The phenomenon of changes in the resistance of semiconductor sensor elements in
the presence of an oxidative or reductive gas while operating at high temperatures is the
basic principle of MOXs sensors operation [127]. These sensors convert one type of energy
to another. That is, when an input signal (physical, chemical, or biological) is applied
to a MOX sensor, it is converted to an electrical output signal. The MOX sensors have a
simple design allowing their mass production and wild application; the most representative
examples are overviewed in details in the next sections.

5.1. MOXs Sensors for Polluting Gases Evaluation
5.1.1. NOx Gas Sensors

Nitric oxide in the atmosphere is the main cause of acidic rains, leading to a high
adverse impact on the environmental pollution in general and onto the respiration system
of flora, fauna and humans in particular; hence, accurate outdoor NOx content detection
is a challenging analytical task. An atmospheric NOx is a relatively inert mixture with a
high combustion temperature. Solid-phase MOXs sensors are widely employed for the
detection of NO and NO2 gases on the industrial and laboratory scales, but a limited
number of commercial NOx sensors can be found in the global market. In the laboratory
scale, WO3, SnO2, ZnO, In2O3, and TiO2 are employed for NOx measurements due to
their low synthesis costs, proper reactivity with gas molecules, and good selectivity in
a combination of materials [128]. A combination of oxides such as WO3 and ZnO with
Ag, Au, and Pt can improve the sensitivity of the NOx sensor. These oxides are naturally
non-stoichiometric and have oxygen deficiency. The conductivity of these materials is
examined based on the electrons provided by the additional metal. Upon exposure to
gas at 200–300 ◦C, the amount of the electrons decreased due to the gas molecules of the
intermediate reaction, which can increase the resistance of the sensor [129]. Industry and
transportation are regarded as the two main sources of NOx. These gases cause nitrogen
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deposition. They can also result in cardiac and respiratory diseases in humans. Toxic gases
such as NOx from the vehicle’s exhaust and SOx released from the industrial plants are in
the class of primary pollutants. Secondary pollutants are not directly released, as they are
produced during the reaction/interaction of the primary pollutants in the air [130]. This
sensor has been used in types of research, such as the evaluation of diffusion mechanisms
in different diesel engine conditions [131] and investigation of cross-sensitivities of NOx
sensors in SCR (Selective Catalytic Reduction) operation [132].

5.1.2. COx Gas Sensors

The COx gas has no odor, color, or taste; that is, it is also called the “silent and invisible
killer”. The presence of COx affects human health by decreasing the oxygen level of the
blood, causing cardiac dysfunction.

Combustion, power generation, and the transportation sector are the main sources
of CO. It can lead to headaches and cardiac failure in humans. Its long-term exposure can
result in coma.

Fossil fuels, cement, and vehicles are the main source of carbon dioxide. This gas
is the major cause of global warming and can affect the oxygen content of the blood
in humans. CO2 detection has had increasing significance in the industry today, as its
high concentration in the workplace causes respiratory diseases. On the other hand, it
contributes to the greenhouse effect. Current CO2 sensors are based on hard ceramic mate-
rials that require high working temperatures (200–600 ◦C) and high energy consumption
(200–300 mW) [133].

Moreover, an excess amount of carbon dioxide is harmful to our planet energy balance
since CO2 absorbs short wavelengths reflected from Earth to space, thus elevating the
Earth’s temperature, altering climate patterns, and causing floods, drought, and melting of
ices in the poles [134]. According to the American Society of Heating, Refrigeration, and
Air Conditioning Engineers (ASHRAE), the maximum CO2 concentrations for outdoor and
indoor spaces should not exceed 350–800 and 1000 ppm, respectively [135].

Researchers today report different materials and classes of CO2 sensors such as solid
electrolytes, semiconductors, mixed oxide capacitors, and carbonate-soluble polymers [136].
The solid-electrolyte CO2 gas sensor is highly useful due to its excellent sensitivity, low
manufacturing cost, and proper selectivity. In recent years, NASICON (sodium (Na) Super
Ionic CONductor) and LISICON (LIthium Super Ionic CONductor) are used mainly as
active substances for CO2 measurement by combining the auxiliary phase of alkali metal
carbonate [137]. The stability of the electrochemical sensor is its main problem as it changes
over time, requiring recalibration [137].

5.1.3. SOx Gas Sensors

Combustion and power generation are two main sources of SOx gas in atmosphere,
which then becomes the main cause of acid rain that affects trees, rivers, and lakes. Exposure
of the leaf to high levels of this gas (>100 ppm) destroys its tissue and also damages the
edges and the area between the veins [138]. In addition, it causes health disorders in
humans such as respiratory problems and impaired vision. Although the solid electrolyte-
based sensors have been shown to measure effectively SOx gas, the main problem is
their insufficient stability [139]. On the contrary, the NASICON-based sensors being highly
sensitive to SOx remain also quite stable for a long time even in highly corrosive media [139].

5.1.4. H2S Sensors

The H2S gas is colorless but malodorous, well water-soluble, corrosive and flammable
in ambient conditions. It is poisonous already at sub-ppm levels, while the higher concen-
trations may cause a death of living beings. The main sources of this gas are geothermal
activities (hot springs, natural gas, and side product of crude oil), landfills, organic decom-
position of wastewater, and Sargasso algae [140]. According to the Occupational Safety and
Health Administration and the Bureau of Labor Statistics, H2S is one of the most dangerous
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gases in the workplace [140]. International Public Safety Organizations have set exposure
limits ranging from 1 to 100 ppm to limit olfactory disturbances caused by the natural
and industrial production of H2S and to protect workers from acute and chronic exposure.
Humans can smell H2S at low concentrations (0.5 to 300 ppb). At higher concentrations, this
gas can cause serious injuries such as nausea, loss of olfactory ability, irritation of the nose
and throat, and even death [141]. H2S is also present in environments where the humidity
and concentrations of auxiliary pollutants (such as SO2 and CO in geothermal activity) are
constantly changing. Therefore, it is necessary to have control and monitoring tools capable
of operating in different concentrations and environmental conditions. Analytical methods
such as gas chromatography and/or spectroscopy are commonly used to determine the
concentration of H2S in the air [142]. Meanwhile, MOX sensors have high sensitivity, easy
integration, and fast response in compact electronic devices, with high dependence on the
relative humidity and limited selectivity. These devices mainly operate at high working
temperatures (above 100 ◦C) [143]. Among the research studies in which this sensor is
used, the following can be mentioned: quantitative and qualitative analysis of gas mixtures
such as “hydrogen sulfide in air” and “methane in air” using temperature modulation of
the metal oxide sensor [144], H2S sensing by all nanomaterials and different types of gas
sensors [145], and the sensing behavior of CdS nanoparticles at room temperature [146].

5.1.5. Volatile Organic Compound Sensors

Volatile organic compounds (VOCs) can also be detected with MOX gas sensors.
Personal and home care products, building materials, as well as combustion processes (e.g.,
smoking, cooking, paint, cleaners, pressed wood items) constitute the most well-known
indoor sources of VOCs [147]. In turn, traffic emissions, the burning of wood, oil and gas
extraction, as well as emissions from industry constitute important outdoor sources. The
detection of VOCs is also increasingly being used in health monitoring, medical diagnosis,
as well as agricultural production and quality evaluation. Using the gas sensor array with
MOX sensors [147], the representatives of volatile organic compounds—acetone, ethanol,
and isopropyl alcohol (IPA)—as well as their binary and ternary mixtures in a simulated
indoor ventilation system were examined. In the aforementioned publication, four metal
oxide gas sensors created an electronic nose, which was subsequently employed in a flow-
through system. Classifier and regression models built using backpropagation neural
network (BPNN) were utilized for the qualitative and quantitative detection of VOCs.
VOCs were mixed in various proportions; ethanol and isopropyl alcohol had comparable
chemical and physical properties. In both cases, it was difficult to obtain quantitative
outcomes. During network training, the Levenberg–Marquardt algorithm was chosen to
estimate the quantity of VOCs in the mixtures. The BPNN-based model performed better
when separating ethanol from IPA than the multivariate linear regression method. The
accuracy of classification reached 82.6%.

Formaldehyde (HCHO) is an achromatic toxic VOC with a stimulant odor. Short-
term exposure to HCHO causes headaches, while its prolonged exposure leads to asthma
and pulmonary disorders [148]. In [149], Castro et al. reported a SnO2 nanowire-based
formaldehyde sensor in which the addition of gold and platinum nanoparticles not only
improved the sensor sensitivity but also has permitted the detection of HCHO at low
working temperatures. In the same period, Descamps et al. proposed a method for
measuring the concentration of gaseous formaldehyde by means of a nanoporous film
doped with Fluoral-P [150].

The issue of the selective detection of hazardous indoor VOCs using metal oxide gas
sensors relating to formaldehyde (as mentioned earlier) as well as benzene and naphthalene
in ppb and sub-ppb concentrations with a varying background of ethanol was thoroughly
discussed in [151]. MOX gas sensors with temperature-cycled operation and signal analysis
based on pattern recognition can detect ppb-level VOCs with adequate sensitivity and
selectivity, as shown in the aforementioned research. Even at varying concentrations of up
to 2 ppm, hazardous target gases have been observed and identified in the ppb and sub-ppb
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range. The detection of naphthalene and benzene using MOX sensors was also described
at concentrations in the ppb and even sub-ppb range both with and without interfering
gases [152]. Results exhibit the high responsiveness (relative change in conductance) of a
commercial thick film sensor, reaching approximately 15% for 500 ppt benzene and 137%
for 40 ppb naphthalene, also when ethanol was present as an interfering gas (2 ppm). The
absolute change of sensor conductance in the case of naphthalene is constant both in the
presence and absence of an interfering gas.

Other VOCs were also detected using metal oxide sensors. A paper by Wang et al. [153]
showed the possibility of detecting, xylene, trimethylamine, triethylamine and (as men-
tioned earlier) formaldehyde using metal oxide sensors with various dopants, e.g., Ni, Pt,
Au, Fe, Ce, and Cr and with different surface morphologies, e.g., nanolamella, nanobelts,
nanorods, nanoarrays, nano-pompon, nanosheets, microsheets, and micrograss.

6. Application of MOXs e-Noses for Environmental Monitoring

The application of electronic noses in the environment includes the following main
categories: (i) air quality parameters analysis; (ii) water quality monitoring; (iii) process
control; and (iv) verification of odor control systems efficiency [154].

In each of the mentioned applications, an e-nose can be used as an alternative or
auxiliary method for traditional analytical methods. Concerning air quality monitoring,
an MOXs-based electronic nose can be an alternative to gas chromatography in assessing
the presence and concentration of various pollutants [155]. Therefore, an e-nose can be
employed for process control instead of costly analysis approaches which are often time-
consuming as well. For instance, unwanted anaerobic processes in a compost plant can
be achieved by combining temperature, oxygen level, pH, and microbiological measure-
ments [156]. As an alternative, similar data can be obtained by a trained e-nose (specifically
for the composting process) at lower costs and complexity in a completely descriptive
manner. In addition to serving as a complementary or alternative method for the analytical
approach, e-noses are the only tools capable of evaluating and classifying odors. That is
why proper sensing methods are utilized to quantify the odor.

6.1. Evaluation of the Air Pollution

Pollution monitoring is a key step in the management of air quality. The concentration
of the pollutants is measured in the reference stations using accurate analytical tools
comprising energy-demanding and heavy equipment. Therefore, the number of these
stations is limited due to their high operation and maintenance costs. These stations
are preferably located in urban areas, although they may be far from the main source of
pollution. In rural, less-populated, and remote areas, there are no pollution measurement
stations; hence, no pollution data are available [7]. It has been estimated that the use of
low-cost and energy-efficient sensors complying with the quality standard of AQD can
decrement the minimum number of stations by 50% [157]. Currently, the best alternative
to these costly devices for monitoring air pollution is the e-nose comprising an array of
sensors and portable devices to measure the pollution in developing cities [158–160]. The
first step in the development of e-noses for environmental applications is reducing the cost
of sensors. In addition to low cost, these sensors must be independent, feasible, and precise.
Their size, weight, and energy consumption rate should also be small [161]. In this regard,
MOXs sensors are the most appropriate choice.

Most of the studies have emphasized air pollution as the largest environmental hazard
throughout the globe, which is almost intangible for most people. Based on the latest data
from the World Health Organization (WHO), air pollution leads to 7 million death cases
each year [162]. Despite the huge extent of the low air quality, it cannot be observed with
the naked eye, and people are unaware of the air quality they are exposed to. According
to the WHO, air pollution can intensify asthma, especially among children, and it is also
the major cause of mortality in cardiovascular disease patients including stroke, cancer,
and chronic respiratory disease [163]. According to the above-mentioned discussion, air



Sensors 2023, 23, 5716 18 of 35

pollution is currently the largest health hazard. Some of the main atmospheric pollutants
and their influence on the environment and human health as well as detection with MOXs
sensor arrays will be discussed below, among them: carbon mono- and dioxides (CO and
CO2); sulfur dioxide (SO2); a nitrogen oxides group (NOx); and several volatile organic
compounds (VOCs).

Recently, the application of employed an e-nose equipped with MOX sensors con-
nected to a smartphone (by Bluetooth) to measure the air quality was reported by
Arroyo et al. [162]. The detection ability of the device for various concentrations of NOx
compounds (one of the main air pollutants) using a perceptron ANN in an application
specifically developed for smartphones has been estimated. Several tests were conducted
under various relative humidities to assess the effect of humidity on the detection perfor-
mance of the gas sensors, and it was demonstrated that high humidity can dramatically
affect the device performance, especially in the detection of low levels of pollutants. The
authors have planned that future works should be focused on the improvement of the
reliability of MOX sensors in the presence of humidity to achieve proper prediction for
various air pollutant contents.

In [7], Sayago et al. applied two prototypes of e-nose for environmental applications
based on low-cost sensors. The sensors were based on nanostructured (nanofiber) tin oxide
and implemented in a WiNOSE 50 e-nose and commercial sensors installed in WiNOSE
6.0. These sensors were applied to assess low levels of NO2 in a controlled atmosphere at
room temperature. The general design of these two devices was very similar, as shown in
Figure 7. The first one had laboratory applications, while the second one can be manually
used in the ambient environment. In the WiNOSE 5.0, three tin oxide nanosensors were
used, while WiNOSE 6.0 encompassed eight advanced commercial MOX microsensors.
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The sensors showed low error, especially in the temperature range of 50–100 ◦C, and
there was even lower error at room temperature. Moreover, a combination of both sensors
in a multi-linear calibration led to better results. The PLS method exhibited very good
performance at 50 ◦C, but its error rose with the temperature elevation. Nanofiber-based
sensors showed better performance at lower temperatures as compared with MOX sensors.
MOX sensors, alone, showed no considerable response at temperatures below 250 ◦C. Re-
garding the obtained results, it seems that the MOX sensors, alone, are not suitable for NO2
measurement due to their high error, and they should be used in combination with other
sensors. The MOX sensors, however, exhibited proper performance at higher temperatures.

In research presented by Vuka and coworkers [164], the six metal oxide sensors and an
ultrasonic anemometer wind sensor were employed to find the origin of hexane gas. The
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sensors were integrated in a mobile robot in a Gaussian regression domain approach with
an active search algorithm (gas source localization, GSL) learned to find the gas-polluting
gas source. In fact, over the last two decades, various studies and methods have been
conducted to find the gas source in which robots use the two principles of anemotaxis and
chemotaxis and follow the gas in the opposite direction [165,166]. In some cases, the gas
source location is modeled by the probability distribution using complex algorithms [167].
Finally, the modified version was reported by Schmuker et al. in [168]. In [155], however,
the robot seeks the environment and builds a possible model for the distance to the source.
The environment was considered known by authors, and it was assumed that there is only
one source of gas in the environment. The robot moves and records gas concentration and
calculates the wind data for a certain period to estimate the distance to the source. The
routing strategy involves guiding the robot by the amplitude of the concentration signal to
the direction where the gas concentration is expected to reach its maximum. This technique
was performed with a success rate of 67%. In this strategy, routing should be improved to
enhance the success rate of GSL. Regarding the efficiency of MOX sensors, it is possible to
use the robot in environments with multiple gas sources to identify several gas sources.

Previously, Helli et al. have employed MOXs sensors to detect the presence and
concentration of NO2 and H2S in CO2-containing atmospheres with certain levels of hu-
midity [169]. It was shown that the e-nose can correctly detect the composition of the
test mixture. However, it was stated that this detection is under the influence of CO2 and
humidity and is only accurate when the mentioned parameters are known.

In [170], Negri and Reich have utilized an electronic nose with MOXs sensors to
detect CO, methane, isobutane, and ethanol in atmospheres containing disturbing gases.
The developed system managed to detect correctly 85% of the concentration of various
compounds with an error below 10%. These results were highly satisfactory, even if the
concentration of the analyte was very high compared to the levels commonly encountered
in ambient air (500–1000 ppm).

Wolfrum et al. have used fourteen MOXs sensors for the identification and quan-
tification of several VOCs, such as acetone, toluene, and isopropanol even at very low
concentrations (ppb) [171]. To establish a linear correlation between e-nose responses and
the concentration of VOCs, the data were pre-processed and then used for quantification.
A linear correlation was obtained between the actual and the estimated concentrations.

The ability of an MOXs-based e-nose to classify malodorous air was reported by
Sironi et al. [172]. The receptors of the e-nose were constantly exposed to the odor of a
compost plant. Two e-noses, each with six MOXs sensors, were tested in parallel and
trained with samples collected at a supervised compost plant. The e-noses analyzed the air
every 12 min for 4 days. The sensor response process was then explored using an ANN
algorithm to classify the analyzed air into different olfactory classes intended for training.
The obtained results of the e-noses were compared with recordings of the residents. The
measurement accuracy index of the e-nose in detecting the presence of odor was calculated
as a percentage ratio between the number of correct classifications and the total number of
measurements, which was equal to 72%.

Burgués et al. have used a pure analyte signal to estimate the limit of detection in
temperature-modulated MOXs sensors [173]. The limit of detection (LOD) is defined as
the minimum analyte concentration that can be measured reliably. The LOD is an essential
indicator for the reliable detection of harmful levels of toxic pollutants (such as SO2, NO2,
and CO) and may be influenced by environmental interactions such as humidity, which
are commonly present in the detection of chemicals. The application of these cases on
temperature-modulated MOXs sensors is a challenge due to the nonlinear multivariate
sensor response, cross-sensitivity to humidity and temperature, dissimilar quantitative
conditions, and sensor drift. However, some researchers have estimated LOD in MOXs
sensors using alternative approaches [174]. In [164], ten MOX sensors (FIS SB-500-12 and
FIGARO TGS 3870-A04, five of each type) were used to detect CO in varying air humidity
(20–80% RH) at a constant airflow of 1 l/min. It was shown that at low concentrations
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(less than 50 ppm), the MOX signals could be fitted with linear models and that the
homoscedasticity condition was met; moreover, cross-sensitivity to moisture was the major
factor in reducing the LOD of MOX sensors. According to the experimental treatments,
it is recommended to conduct this experiment in multiple air streams to achieve more
comprehensive and reliable findings.

In the research of the Lilienthal group, a cluster analysis approach based on the use
of density peaks was employed for outdoor gas detection by means of e-noses [175]. The
model proposed by Fan et al. (2017) [175] which can identify the number of different
chemical compounds was employed. The samples collected from indoor and outdoor
environments by a mobile robot equipped with a set of commercial MOXs sensors were an-
alyzed. The results showed that the exact classification can be achieved with low sensitivity
to the choice of the only free parameter (i.e., proximity size), which is used to estimate the
density in the clustering process.

Previously, various solutions have been proposed for the problem of gas detection in
uncontrolled environments. For example, Vergara et al. developed a gas detection system
using SVM [176]. It was found that the classification result of this method is influenced by
the strength of the wind flow and the distance between the sampling site and the gas source.
Several chemical compounds as target analytes under a series of different environmental
conditions were tested in a wind tunnel, in which the e-noses consisting of six commercial
Figaro MOX sensors were located at different distances from the gas outlet. The authors
stated that a robust gas detection system must be trained in a comprehensive environment,
which is not always possible in practice. As a development work, Fonollosa et al. exposed
an array of eight Figaro MOX sensors to a mixture of dynamic gases [177]. In this study,
gas plumes were naturally mixed along with the turbulent flow in the wind tunnel. The
inhibitory SVM was implemented as a tool to classify chemical components in dynamic
turbulent mixtures. Based on the results, it was concluded that the high concentration is
not enough to achieve optimal classification, and the classifier training would consider
data at low concentrations as well.

With the prospect of biological olfactory imitation, e-nose technology has its advan-
tages and limitations. Currently, most of the reported sensors can measure and detect
gas at different ppm levels. In some cases (e.g., breath detection and explosive detection),
however, high-sensitivity sensors are required. Therefore, finding an effective way to
increase the sensitivity of the sensor is vital. Among the different solutions in regard to
the enlargement of the surface of the sensing materials [178], the pressure-regulated piezo-
electric effect application [179], the strain-induced additional piezoelectric gate voltage
implementation [180], etc. have been suggested previously.

High sensitivity, proper stability, working at room temperature, fast recovery and
response are among the vital factors in the e-nose technology. The point is that strong
adsorption or chemical reaction may result in proper selectivity and/or sensitivity, but it
will hinder the sensor recovery [181]. The sensor baseline may alter due to environmental
conditions such as temperature, humidity, and pressure, which may pose further difficulties
in the online evaluation. Some additional temperature, humidity, and pressure sensors
may be added to the e-nose for calibration. Moreover, the metal–organic frameworks
(MOFs) coatings or molecular layers on the sensing material can be effective in reducing
the influence of the interfering gases [182]. Sampling the real analyte is a difficult task,
and it must not lead to a deviation in the results. In this regard, adsorbents can selectively
collect analyte and pre-concentrate it to further facilitate the detection by e-nose. MOFs or
covalent organic frameworks (COFs) have tunable pore sizes which can selectively adsorb
a specific type of gas [183].

While dealing with both indoor and outdoor gas analyses, the synchronous measure-
ment of the signal of an array of sensors at high precision is still a challenge that can be
resolved by the following solutions: (i) a combination of a switcher and source-seeking
method, (ii) using a timer for the simultaneous operation of several synchronous source-
seeking methods, and (iii) a specifically designed measurement system. The first approach
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is not expensive and involves the use of a switcher, which delays shifting from one sensor
to another for precise measurement of the data. The second method is synchronous, but
its precision is lower than the source-seeking method in addition to being much more
expensive than the first method. The third method is the most suitable approach with
the least costs [182]. The fluid of the analyte gas also affects the sensor recovery. The
performance of the e-nose can be significantly improved by proper design of the structure
of the e-nose housing [184].

Regarding the above-mentioned discussion, the system should be first enhanced and
calibrated depending on the type and location of the device; then, the e-nose can be utilized
for the intended goal. Regarding the advantages and methods to resolve the limitations of
the e-nose system, it can be employed for precise detection of the pollutants and the source
of pollution in remote regions for a long time.

6.2. Pollution Evaluation in Water and Wastewater

The drinking water is easily accessible to all people in developed countries. The drink-
ing water is, however, exposed to permanent threats due to the uncontrollable release of
industrial wastes, which can result in microbial storms. In this context, frequent evaluation
of the quality of water and the precise management of water resources are essential factors
to ensure the supply of clean and safe water for humans [185] and the determination of the
microbiological and chemical contamination [186]. The daily activity of humans has led
to the discharge of a huge amount of pollutants into the environment including the seas
and oceans which can seriously threaten marine life, causing continuous destruction of the
oceans and seas as well as the shores [187].

In many cases, online precise tools are required for the analysis of the wastewater
and water, which can be realized by the use of chemical gas sensors as they can present
information about the condition in a short time. They can be used in the quality control of
food products, environmental monitoring, and diagnosis of human and animal diseases.
Their adaptability can be also assigned to the various materials used in their structure.

Wastewater systems, wastewater sludge processing plants, pumping stations, sep-
aration, and waste treatment and recovery units play a decisive role in environmental
protection. They, however, pose a potential risk, the failure consequences and smell in-
convenience can be reduced or eliminated by ensuring the correct performance of the
system and taking preventive measures (for instance, when observing a change in the input
quality) [103]. Wastewater treatment plants reduce the wastewater contamination before
its release into the receiver unit. The processes occurring in the wastewater treatment plant
are directly related to the release of bad smells [100]. Urban wastewater generally includes
consumed water in the homes and public organizations, industrial wastewater, rain, and
leaked water (from the pipes).

Wastewater treatment plants can be mentioned among some of the most troublesome
sources of volatile air pollutant emissions. Any wastewater treatment process, especially
those involving anaerobic conditions, contributes to odorant emissions. A survey of
technical personnel at 100 wastewater treatment plants in Germany indicates that the
predominant sites of odorant generation are mainly wastewater pretreatment processes
(sand traps, settling tanks) and the processes associated with sludge treatment (sludge
thickening and dewatering) [188].

The various processes contribute to significant levels of odor concentration. According
to Kosmider et al. [189], the odor concentration level at the influent of wastewater and
mechanical treatment facilities is 30–1000 ouE/m3; biological treatment is associated with
concentrations of 5–120 ouE/m3, while sludge treatment is 100–1,000,000 ouE/m3.

Wastewater is a source of formation of a wide range of volatile organic compounds,
so it is difficult to perform a comprehensive study of their chemical composition, and it is
even more difficult to determine their synergistic effect on odor concentrations [190]. They
usually include sulfur or nitrogen compounds, organic acids, aldehydes and ketones [191].
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Concentration levels of individual pollutant components, such as hydrogen sulfide,
can provide an indicator of odor nuisance in the air [192]. Gostelow et al. [188], in a study
conducted for 17 wastewater treatment plants, determined the dependence of hydrogen
sulfide concentration on odor in the range of 102–107 ouE/m3. This allowed them to derive
the equation cod = 38,902·cH2S

0.6371, describing the aforementioned relationship with a
coefficient of determination of R2 = 0.69. In contrast, in a study conducted at the University
of Hertfordshire, UK, at 10 wastewater treatment plants, no statistically significant relation-
ship was found between the concentration of hydrogen sulfide in wastewater and TON
(Threshold Odor Number) in the ranges 0–4 × 103 and 0–4 × 105 ouE/m3 [96].

The possibility of MOXs-based sensory systems for pollution evaluation in water and
wastewater analysis has been demonstrated previously in several research studies (Table 2).
The most common of these were studies on the possibility of using the array to identify odors
due to the location of their formation in a wastewater treatment plant [92,94,95]. In several
cases, it was possible to correlate the response of the sensor matrix with parameters such as
BOD, COD, total suspended solids (TSS) and turbidity [92,93]. Other studies indicate the
possibility of detecting episodes indicating the presence of unnatural contaminants that can
interfere with the biological treatment process [97–99]. MOX sensors are less susceptible to
the temperature and moisture content of air samples above the wastewater surface than,
e.g., polymer sensors, so it is more advantageous to use them in this type of solution [94].
MOX matrices were also used to evaluate odor concentrations near the boundary of the plot
on which the treatment plant is located and near the nearest residential buildings [95].

Onkal-Engin et al. [92] evaluated the samples collected from a wastewater treatment
plant by an array of gas sensors and classified the results using an ANN. Networks with
12 input neurons and two hidden layers of 12 neurons each were used for analysis. For the
study, air samples were taken from several stages of the process: pretreatment, sludge tanks,
biological treatment and wastewater outlet of the treatment plant. A total of 144 samples
were collected for classification. Based on authors findings, this classification method can
be utilized for the general classification of the samples, and the e-nose can monitor the BOD.
As a result, a high correlation for each type of odor was obtained, reaching R = 0.99 [92].

In another study, three measurement stations with EOS25, EOS28 and EOS35 analyzers
were deployed near a wastewater treatment plant, while each station consisted of six MOX
sensors [95]. The sensor chamber was maintained at 50 ◦C, through which an air flow of
150 cm3 min−1 was passed. PCA (principal component analysis) was used to analyze the
data. The purpose of conducting the measurement was first to identify the source (process)
of malodorous substances and then to determine their odor concentration. As a result of
the study, treatment plant processes were divided into three classes, which were related to
wastewater, sludge and neutral ambient air. For odor concentrations of 100–150 ouE/m3,
the accuracy of the classification was 0.95. The correlation between odor concentration
and matrix response in the range of 20–80 ouE/m3 was also determined with an accuracy
greater than 0.9.

Attempts were also made to determine the relationship of volatile air pollutants with
wastewater parameters such as COD, suspended solids, turbidity. However, the correlation
coefficient proved to be statistically insignificant (R = 0.52–0.67) [93]. On the other hand,
another study conducted by Onkal-Edgin et al. [92] indicated that it is possible to correlate
BOD5 with readings from a sensor array system. High correlation (R = 0.91) was obtained
for the test sample, while the RMSE totaled 0.07. This represents a very good result despite
the variable composition of the wastewater. The advantage is that the result is obtained
almost at the moment of measurement, while standard BOD5 analyses take 5 days.

Systems with a sensor array are a very good tool for continuous control of the wastew-
ater treatment process. Such a station that detects and alerts to the presence of abnormal
contaminants has been installed at Cranfield University’s municipal wastewater treatment
plant [97–99]. The measurement system consists of an initial mixing chamber connected to
a flow chamber, where samples of wastewater headspace were taken for analysis over a
period of six months with a five-minute interval. In addition, measurements of total organic
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carbon (TOC) were taken. Contaminants (such as oil) were added to the wastewater to
simulate the presence of industrial pollutants. During the measurement period, there were
also unidentified pollutants resulting from accidental discharges into the wastewater. The
system accurately detected the presence of additional contaminants not naturally present
in the wastewater composition. Basing on the idea of adding contaminants into the sample,
experiments were conducted with different soils polluted by hydrocarbons and analyzed by
an MOX sensors matrix [193,194]. Applied data analysis using ANN enabled recognizing
soil polluted by petrol and diesel in samples of different soil type and origin.

A system for the classification of stages of wastewater treatment processes and full-
scale WWTP (particular devices) was designed and presented by Łagód and cowork-
ers [103,104]. The mentioned system was based on a gas sensors matrix consisting of
17 sensors by Figaro. For dimensionality reduction and preliminary data visualization,
principal component analysis was applied [103] as well as the t-SNE method [104]. Basing
on a distance matrix in multidimensional space, the k-means method (non-hierarchical
cluster analysis) was used to find homogeneous clusters of data [103]. For evaluating the
discretization potential of the collected multidimensional data enabling to seek general rela-
tions and the relationships between groups of data in multidimensional space, the k-median
method was used [104]. As a simple predictive model with sufficient accuracy of about
98%, a decision tree model was used [103], while a more advanced random forest model
allowed achieving an accuracy of 100% [104] basing on an analysis of 185 multidimensional
datasets and readouts from 17 gas sensors.

A full-scale WWTP featuring an electronic nose system to characterize water quality
parameters and odor concentration of wastewater emitted from different treatment devices
was also developed and tested [105]. The applied sensors matrix consists of 32 gas sensors.
Together with an analysis of headspace by the mentioned MOX matrix, an analysis of odor
and water quality indicators (COD, AN, TN, TP) was performed. Alongside diverse feature
extraction methods, support vector machine and linear discriminant analysis were applied
as classifiers to distinguish samples, which stated the best recognition rate of 98.83%. Partial
least squares regression was applied to complete the next step of data analysis, giving R2

at a level of 0.992. As the final step, ridge regression was used to predict water quality
indicators and odor concentration with the RMSE being less than 0.9476 [105].

According to a study by Nake et al. [94], for measuring volatile air pollutants emitted
by wastewater treatment plants, MOX sensors perform better than conductive polymer
(CP) sensors. Their study at a wastewater treatment plant used a commercial Pen2 meter
(WMA Airsense Analysentechnik, 10 sensors) and a Cyranose 320 (CyranoseSciences
32 CP). Measurements were taken for 8 days at five treatment plant locations. Statistical
analysis of the obtained PCA results performed for the CP sensors showed high variability
in the results, which was most likely due to their sensitivity to humidity (coefficient of
determination to relative humidity R2 = 0.83–0.95) and air temperature (R2 = 0.86–0.91).
In contrast, the results from the MOX sensors were more stable, as evidenced by a lower
coefficient of determination to relative humidity (R2 = 0.64–0.89) and air temperature
(R2 = 0.76–0.86).

Basing on readouts from a matrix of eight sensors by Figaro analyzing the headspace
air from a laboratory sequence bath reactor with activated sludge, Guz at al. [48,100] present
a possibility of obtaining a high correlation between measurements of odor nuisances by
e-nose and the reference method: dynamic olfactometry. During the experiment, an Ecoma
TO-7 olfactometer was used to measure the odor concentration, according to EN-13725:2007.
For processing the multidimensional data from the gas sensors matrix, the authors trained
an artificial neural network based on multilayer perceptron. The learning quality of the
mentioned MLP ANN was 0.97 when testing and validation were 0.88 and 0.98, respectively.
The coherence of the odor concentration assessed by dynamic olfactometry and predicted
using a e-nose consisting of MOX sensors and the ANN method was at a high level
(R = 0.85) [100]. This same matrix of MOX sensors by Figaro was used for the classification
of malfunction in processes of wastewater treatment conducted in a laboratory sequencing
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batch reactor with activated sludge [102]. During the experiment, raw wastewater and
treated wastewater after stable and efficient purification processes were distinguished. An
important part of the investigation was to check the possibility of detecting the appearance
and deepening of purification processes malfunctions, and after removing the breakdown,
the restoration of proper purification conditions. The detection accuracy of all of the
mentioned individual states was 78.04% [102]. Applying this same matrix consisting of
eight MOX sensors by Figaro and analyzing the long-term experiment conducted with SBR
and activated sludge, a correlation between the standard wastewater pollution indicator
and multidimensional signal from a sensors matrix was established [101]. A high correlation
(r) was achieved for the following pollution indicators: COD (0.988), TSS (0.938), turbidity
(0.940), N-NH3 (0.978), N-NO2 (0.0.869), N-NO3 (0.958), and VOC (0.98), while the worst
results were reached for pH (0.554) [101].

In [186], the use of metal oxide gas sensors embedded in an array for analysis of the
complex volatile fingerprint of the water and wastewater samples was investigated. The
gas chromatography technique along with solid-phase microextraction was employed as
a reference method for a better understanding of the responses of the sensors and their
relationships with a specific class of VOCs. The data from the employed GC-MS and a small
sensor system (S3) were treated by principal component analysis (PCA) and artificial neural
network (ANN) methods with respective classification accuracies of 95.84 and 97.62%.

An interesting approach to detect pollutants in the water samples using a wireless
manual e-nose was adopted by Lozano et al. [195]. Two years later, the same authors
reported a portable e-nose prototype equipped with an IEEE 802.11 transmitter–receiver
for wireless connection ready for distributed measurements in an extensive network of the
e-noses [196]. The developed system included pumps, electronic valves, and chargeable
batteries capable of working with several resistive microsensors. The prototype was
presented by measuring cycles of 60 min of adsorption and 540 s of desorption. It was
shown that the developed system can reliably detect and differentiate water pollutants.
Using PCA and ANN, the correct differentiation and detection were achieved in more than
90% of the samples with various component concentrations at the level of 1 mL in a 20 mL
vial at 16 ◦C.

In [197], Tonacci et al. have implemented an e-nose system in an autonomous under-
water vehicle (AUV) to control oil leakage in a protected marine region (Tuscany Islands
and Cetacean). The device encompassed a sensing section (including photoionization detec-
tors), an inlet, an air treatment unit (including an electronic pump and a valve), and smart
electronic devices (based on Arduino mega 2560 board). A computer was also considered
to collect the data. ANN was utilized to detect the pollution level (regardless of its source)
and detect the substances in a series of known compounds. Despite the proper accuracy
of the classifiers, the responses were unreliable when the system was exposed to relative
humidity above 70%, suggesting the considerable limitation of the mentioned tool. The
same research group presented two other extensions of this application [198,199].

In a work of Baby et al., the e-nose was employed to investigate the possibility of
pollutants and pesticides detection in surface water [200]. An e-nose equipped with two
MOXs and QCM (Quartz Crystal Microbalance) sensors was used, and this study proved
that the e-nose could detect pesticides and differentiate among them.

Another application of e-nose technology for water quality monitoring is the detection
of microorganisms. In [201], Bastos and Magan detected microorganisms responsible for
malodorous substances in the waters. To prevent bad smell and hence the undesirability
of water by microorganisms, the presence of these microorganisms should be detected
in a short time. To this end, an e-nose was utilized to analyze the headspace of the
microorganism-inoculated water. The possibility of detecting the presence of Streptomyces
after 24 h of their growth was demonstrated. This tool also managed to differentiate non-
contaminated water from the Streptomyces-contaminated water at the concentration of
102 spores/mL using PCA. The Lozano group has applied an e-nose with MOXs sensors to
analyze the contaminated water samples in the laboratory as well as the samples collected
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from a wastewater treatment plant [202]. This e-nose was employed for the measurements
of the headspaces over the samples. The data were then analyzed by PCA, and good
discrimination was obtained for the contaminated laboratory waters. The system also could
classify the analyzed samples using Radial Basis Function Networks (RBFs), achieving
100% correct classification for the laboratory samples. Moreover, this system managed to
correctly classify 90% of the wastewater plant samples, thus demonstrating the suitability of
the MOXs-based e-nose to monitor the quality of the water in wastewater treatment plants.

In another research study reported by Sohn et al., the quality of the contaminated
waters was assessed. The study aimed to use an e-nose for the assessment of the volatile
solid substances’ concentration in contaminated waters through the sample headspace
analysis [203]. However, the obtained results have indicated that despite the linear corre-
lation between the volatile solid substance content with other physical properties of the
liquid, this correlation was not valid for the smell concentration estimation. Nonetheless,
the e-nose managed to estimate the smell concentration of the air in contact with the
contaminated water after proper training using the ANN technique, and the correlation
coefficient of 0.98 was obtained between the smell concentration of the estimated and real
smell concentrations.

Thanks to recent technological progress, researchers have found novel solutions in
the field of potable water quality monitoring. For instance, the emergence of the Internet
of Things (IoT) has been shown to be a prominent tool in a research of Climent et al.,
who employed IoT and developed a portable low-cost e-nose named as the multisensory
olfactory system (MOOSU4) for bottled water quality control. The possibility of further
extending the developed system for seawater assessment was also shown [204]. The volatile
compounds, such as dimethyl sulfide, dimethyl diselenide, and sulfur were detected at
the accuracy of 86%. Based on these results, the developed system can be applied for the
monitoring and control of a wide range of VOCs.

As hydrocarbons are the major source of marine contaminations, some new approaches
have been developed in this field. For example, in [205], the AlphaMOS e-nose combined
with chemometrics to detect 444 samples comprising 40 µL of petroleum-derived products
(PDPs) such as gasoline, paraffin, and diesel fuel have been utilized. This system managed
to correctly detect the presence/absence of PDP in all cases and various PDPs in 97.9% of
the cases.

The marine and shore ecosystems are under the continuous threats of human activities
(ships, industrial discharge, etc.) which can result in serious and irreversible consequences
for these regions and their wildlife. Various innovative funding bodies and solutions,
including national and international projects, research teams, and scientific articles have
been presented in the past decades [206]. These solutions are useful in the marine regions
(especially the protected zones) in such a way that even detection of the low levels of the
pollutants can be responded to by fast and effective measures, preventing environmental
disasters. In this regard, the application of the low-cost, fast, reliable, and sensitive tools
is of crucial significance; therefore, the use of e-noses seems to be necessary. In recent
years, several products have been developed based on this technology to monitor seawater.
The conductive polymer is among the first and most applied technologies [97,207] with
promising results. However, such sensors are highly dependent on the environmental
conditions which can affect the detection of the device. Experimental adjustment is also
important, as the sensors should be properly cleaned after each measurement [205]. Cur-
rently, the main limitation is the need for a populated database to train the related detection
algorithms. This drawback has been successfully resolved by the recent technological
advancements. Photoionization detectors are one of the other methods in this field with fast
responses [198]. They, however, suffer from significant problems in high-humidity media.
The other solution was also proposed which requires tight control of the environment
for a steady signal [196]. Hybrid approaches including a biological section comprising
human olfactory receptors, as well as a technological part, were successfully employed
by Son et al. in [208]. An e-nose can detect specific compounds. The development of such
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devices for the new technologies such as IoT, as mentioned by Climent et al. in [101], can
open new horizons in the environmental fields, in particular, the monitoring and control of
the seawater.

6.3. Commercial MOX e-Noses in Environmental Engineering Applications

There are numerous e-noses available on the market today, with a wide range of
applications in different markets and industries, including environmental engineering.
Moreover, they represent a wide range of sensor types, some of which also include MOX
sensors. As e-noses are used increasingly often and the demand for them is growing,
the companies producing commercial e-noses are constantly developing new prototypes
that use other technologies and sensors but also have modules for increasingly advanced
statistical data analysis. The above-mentioned facts also contribute to the use of commercial
e-noses as part of scientific research.

The paper [209] investigated the correlation between microbial activity and odor
emissions from municipal solid waste during the anaerobic digestion process at a full-
scale wastewater treatment plant. For this purpose, measurements conducted by gas
chromatography coupled to mass spectrometry and analysis of air samples using a PEN2
e-nose (Airsense Analytics) equipped with 10 MOX sensors were used. By means of the
data obtained from the seven selected sensors, an OD20 regression (oxygen measurement
rate) vs. measurements from the e-nose using the PLS method was obtained, for which the
coefficient of determination was R2 = 0.99, while the cross-validation regression coefficient
amounted to R2

cv = 0.98. In turn, lower coefficients were obtained for the PLS regression
for the chromatograph data, namely R2 = 0.95 and R2

cv = 0.78.
The PEN3 e-nose (Airsense Analytics) also consists of 10 MOX sensors, according to

the manufacturer’s recommendations, and it can be used for odor testing in wastewater
treatment plants and composting plants, filter inspection, leaks, exhaust emissions, and
fire warning, among other applications. In the work [210], the PEN3 e-nose was used in
conjunction with a Cyranose 320 (32 composite sensors) to identify the source of odors in
solid waste composting plants. The data were classified using linear discriminant analysis
(LDA), and for those obtained with PEN3, 86.7% correct classifications were obtained, while
for the Cyranose data, it was only 53.3%. The best percentage of correct classifications
was obtained by means of several selected sensors (four MOS and two CP) from the
e-noses used.

The paper [211] used a Fox 3000 electronic nose (Alpha M.O.S.) comprising 12 MOX
sensors to measure odor nuisance. Its performance was compared with an Aromascan
A32S electronic nose (32 conducting polymers sensors) and an experimental one built with
commercially available sensors (6 MOX sensors). For both commercial e-noses, a very high
correlation coefficient (r = 0.99) was obtained between the measured odor intensity and
the odor intensity calculated using ANN. These are similar results, despite the fact that the
Aromascan e-nose had more than 2.5 times the number of sensors.

The KAMINA electronic nose with an MOX sensor microarray was used in the
work [212] to recognize samples of clean water and water contaminated with ammonia or
chloroform. For this purpose, an LDA model was built on two measurements of flowing
water; the model managed to recognize clean water samples (100% correct classifications),
but ammonia-contaminated water was not recognized for any of the observations, while
chloroform-contaminated water was recognized in 3% of cases. The authors attempted
to improve the quality of the model by including data from 12 measurements taken in
the headspace experiment. In the case of this model, the classification quality of clean
water remained unchanged, while ammonia-contaminated water was recognized in 54%
of observations and chloroform-contaminated water was recognized in 41%. Thus, it was
concluded that it is possible to use data taken under different experimental conditions to
improve the quality of classification.

Schreiber also used commercial KAMINA and MOSES II e-noses in his doctoral
thesis [213]. They were used to investigate the perceived indoor air quality and to detect
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the presence of fungi in indoor air. MOSES II is an e-nose containing a set of sensors with
quartz microbalance (QMB), SnO2 MOX sensors and amperometric gas sensors (AGSs).
Measurements from the two electronic noses enabled to determine the presence of mold
indoors but not to classify the observations into the corresponding mold species present.

7. Summary and Conclusions

In the present work, the applications of MOXs-based gas sensors and sensor arrays for
environmental monitoring purpose have been overviewed. The environmental pollution
is of particular importance in today’s society such that the full attention of national and
international environmental institutions as well as researchers are focused on finding
solutions to respond to the urgent need for environmental protection. Pollutant gases
emissions in some industrial activities cannot be completely avoided despite a wide range
of reducing agents. This can disturb and damage human health and the environment.
Identifying and controlling the environmental effects of pollutants as a result of the activities
of industrial plants is a key element for preventing and reducing industrial pollution and
minimizing its impact on humans, which has become mandatory in many countries. In
addition, water pollution is constantly intensified by human activities, which can lead to
irreversible consequences for humans and even animals. Therefore, useful solutions are
offered, as timely measures can prevent the further spread of pollution and even monitor
the environment. In this regard, the MOXs gas sensors and sensor arrays, commonly
called e-noses, are a very convenient tool for monitoring the environment, and their
application involves many degrees of freedom, for example in sampling, training and data
processing methods. However, the most important aspect limiting the use of gas sensors
and electronic noses for environmental applications is the lack of specific regulations for
their standardization. The definition and standardization of the features and performance
of e-noses tools and their application methods are prerequisites of their publication.
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Characterization of Flexible and Miniaturized Humidity Sensors Using Screen-Printed TiO2 Nanoparticles as Sensitive Layer.
Sensors 2017, 17, 1854. [CrossRef] [PubMed]

110. Arafat, M.M.; Haseeb, A.S.M.A.; Akbar, S.A.; Quadir, M.Z. In-Situ Fabricated Gas Sensors Based on One Dimensional Core-Shell
TiO2-Al2O3 Nanostructures. Sens. Actuators B Chem. 2017, 238, 972–984. [CrossRef]

111. Liang, Y.-C.; Liao, W.-K.; Deng, X.-S. Synthesis and Substantially Enhanced Gas Sensing Sensitivity of Homogeneously Nanoscale
Pd- and Au-Particle Decorated ZnO Nanostructures. J. Alloys Compd. 2014, 599, 87–92. [CrossRef]

112. Woo, H.-S.; Na, C.; Lee, J.-H. Design of Highly Selective Gas Sensors via Physicochemical Modification of Oxide Nanowires:
Overview. Sensors 2016, 16, 1531. [CrossRef] [PubMed]

113. Choi, J.-K.; Hwang, I.-S.; Kim, S.-J.; Park, J.-S.; Park, S.-S.; Jeong, U.; Kang, Y.C.; Lee, J.-H. Design of Selective Gas Sensors Using
Electrospun Pd-Doped SnO2 Hollow Nanofibers. Sens. Actuators B Chem. 2010, 150, 191–199. [CrossRef]

114. Fields, L.L.; Zheng, J.P.; Cheng, Y.; Xiong, P. Room-Temperature Low-Power Hydrogen Sensor Based on a Single Tin Dioxide
Nanobelt. Appl. Phys. Lett. 2006, 88, 263102. [CrossRef]

115. Landau, O.; Rothschild, A.; Zussman, E. Processing-Microstructure-Properties Correlation of Ultrasensitive Gas Sensors Produced
by Electrospinning. Chem. Mater. 2009, 21, 9–11. [CrossRef]

116. Nagirnyak, S.V.; Dontsova, T.A. Gas Sensor Device Creation. In Proceedings of the 2017 IEEE 7th International Conference
Nanomaterials: Application & Properties (NAP), Odessa, Ukraine, 10–15 September 2017.

117. Shaalan, N.M.; Yamazaki, T.; Kikuta, T. Effect of Micro-Electrode Geometry on NO2 Gas-Sensing Characteristics of One-
Dimensional Tin Dioxide Nanostructure Microsensors. Sens. Actuators B Chem. 2011, 156, 784–790. [CrossRef]

118. Gönüllü, Y.; Rodríguez, G.C.M.; Saruhan, B.; Ürgen, M. Improvement of Gas Sensing Performance of TiO2 towards NO2 by
Nano-Tubular Structuring. Sens. Actuators B Chem. 2012, 169, 151–160. [CrossRef]

119. Viet, P.V.; Phan, B.T.; Hieu, L.V.; Thi, C.M. The Effect of Acid Treatment and Reactive Temperature on the Formation of TiO2
Nanotubes. J. Nanosci. Nanotechnol. 2015, 15, 5202–5206. [CrossRef] [PubMed]

120. Xu, C.; Gao, D. Two-Stage Hydrothermal Growth of Long ZnO Nanowires for Efficient TiO2 Nanotube-Based Dye-Sensitized
Solar Cells. J. Phys. Chem. C 2012, 116, 7236–7241. [CrossRef]

https://doi.org/10.1016/j.snb.2004.05.034
https://doi.org/10.1016/j.snb.2007.12.004
https://doi.org/10.1016/S0043-1354(98)00246-2
https://doi.org/10.1016/S0925-4005(02)00377-5
https://doi.org/10.1016/S0043-1354(02)00183-5
https://www.ncbi.nlm.nih.gov/pubmed/12418653
https://doi.org/10.1016/S0925-4005(03)00074-1
https://doi.org/10.1080/19443994.2014.1002279
https://doi.org/10.3390/s150100001
https://doi.org/10.1515/eces-2018-0028
https://doi.org/10.3390/pr7050251
https://doi.org/10.3390/s23010487
https://doi.org/10.1016/j.watres.2023.119878
https://doi.org/10.3390/s120302610
https://doi.org/10.1007/s10934-016-0177-0
https://doi.org/10.1007/s10854-019-01840-w
https://doi.org/10.3390/s17081854
https://www.ncbi.nlm.nih.gov/pubmed/28800063
https://doi.org/10.1016/j.snb.2016.07.135
https://doi.org/10.1016/j.jallcom.2014.01.167
https://doi.org/10.3390/s16091531
https://www.ncbi.nlm.nih.gov/pubmed/27657076
https://doi.org/10.1016/j.snb.2010.07.013
https://doi.org/10.1063/1.2217710
https://doi.org/10.1021/cm802498c
https://doi.org/10.1016/j.snb.2011.02.039
https://doi.org/10.1016/j.snb.2012.04.050
https://doi.org/10.1166/jnn.2015.10025
https://www.ncbi.nlm.nih.gov/pubmed/26373106
https://doi.org/10.1021/jp300960r


Sensors 2023, 23, 5716 32 of 35

121. Li, Y.-X.; Guo, Z.; Su, Y.; Jin, X.-B.; Tang, X.-H.; Huang, J.-R.; Huang, X.-J.; Li, M.-Q.; Liu, J.-H. Hierarchical Morphology-Dependent
Gas-Sensing Performances of Three-Dimensional SnO2 Nanostructures. ACS Sens. 2017, 2, 102–110. [CrossRef] [PubMed]

122. Landau, O.; Rothschild, A. Fibrous TiO2 Gas Sensors Produced by Electrospinning. J. Electroceramics 2015, 35, 148–159. [CrossRef]
123. Caricato, A.P.; Buonsanti, R.; Catalano, M.; Cesaria, M.; Cozzoli, P.D.; Luches, A.; Manera, M.G.; Martino, M.; Taurino, A.; Rella, R.

Films of Brookite TiO2 Nanorods/Nanoparticles Deposited by Matrix-Assisted Pulsed Laser Evaporation as NO2 Gas-Sensing
Layers. Appl. Phys. A 2011, 104, 963–968. [CrossRef]

124. Rüffer, D.; Hoehne, F.; Bühler, J. New Digital Metal-Oxide (MOx) Sensor Platform. Sensors 2018, 18, 1052. [CrossRef] [PubMed]
125. Laref, R.; Losson, E.; Sava, A.; Siadat, M. Support Vector Machine Regression for Calibration Transfer between Electronic Noses

Dedicated to Air Pollution Monitoring. Sensors 2018, 18, 3716. [CrossRef]
126. Maag, B.; Zhou, Z.; Thiele, L. A Survey on Sensor Calibration in Air Pollution Monitoring Deployments. IEEE Internet Things J.

2018, 5, 4857–4870. [CrossRef]
127. Srivastava, S. Study of Gas Sensor Detection for NOX Gas: A Review. Mater. Today Proc. 2021, 37, 3709–3712. [CrossRef]
128. Shaik, M.; Rao, V.K.; Gupta, M.; Murthy, K.S.R.C.; Jain, R. Chemiresistive Gas Sensor for the Sensitive Detection of Nitrogen

Dioxide Based on Nitrogen Doped Graphene Nanosheets. RSC Adv. 2016, 6, 1527–1534. [CrossRef]
129. Wang, Z.; Zhao, C.; Han, T.; Zhang, Y.; Liu, S.; Fei, T.; Lu, G.; Zhang, T. High-Performance Reduced Graphene Oxide-Based

Room-Temperature NO2 Sensors: A Combined Surface Modification of SnO2 Nanoparticles and Nitrogen Doping Approach.
Sens. Actuators B Chem. 2017, 242, 269–279. [CrossRef]

130. Dhall, S.; Mehta, B.R.; Tyagi, A.K.; Sood, K. A Review on Environmental Gas Sensors: Materials and Technologies. Sens. Int. 2021,
2, 100116. [CrossRef]

131. Aliramezani, M.; Koch, C.R.; Hayes, R.E.; Patrick, R. Amperometric Solid Electrolyte NOx Sensors—The Effect of Temperature
and Diffusion Mechanisms. Solid State Ion. 2017, 313, 7–13. [CrossRef]

132. Frobert, A.; Raux, S.; Creff, Y.; Jeudy, E. About Cross-Sensitivities of NOx Sensors in SCR Operation. In Proceedings of the SAE
2013 World Congress & Exhibition, Detroit, MI, USA, 16–18 April 2013.

133. Molina, A.; Escobar-Barrios, V.; Oliva, J. A Review on Hybrid and Flexible CO2 Gas Sensors. Synth. Met. 2020, 270, 116602.
[CrossRef]

134. Sitch, S.; Brovkin, V.; von Bloh, W.; van Vuuren, D.; Eickhout, B.; Ganopolski, A. Impacts of Future Land Cover Changes on
Atmospheric CO2 and Climate. Glob. Biogeochem. Cycles 2005, 19, GB2013. [CrossRef]

135. Erdmann, C.A.; Apte, M.G. Mucous Membrane and Lower Respiratory Building Related Symptoms in Relation to Indoor Carbon
Dioxide Concentrations in the 100-Building BASE Dataset. Indoor Air 2004, 14, 127–134. [CrossRef]

136. Lai, J.J.; Liang, H.F.; Peng, Z.L.; Yi, X.; Zhai, X.F. MEMS Integrated Narrow Band Infrared Emitter and Detector for Infrared Gas
Sensor. J. Phys. Conf. Ser. 2011, 276, 012129. [CrossRef]

137. Obata, K.; Motohi, S.; Shigenori, M. NO2 and CO2 Sensing Properties of LISICON-Based Sensor Operative at Room Temperature.
Sens. Mater. 2012, 24, 43–56.

138. Singh, K.; Bhoga, S.S. SO x Solid State Gas Sensors: A Review. Bull. Mater. Sci. 1999, 22, 71–83. [CrossRef]
139. Singh, J.; Mukherjee, A.; Sengupta, S.K.; Im, J.; Peterson, G.W.; Whitten, J.E. Sulfur Dioxide and Nitrogen Dioxide Adsorption on

Zinc Oxide and Zirconium Hydroxide Nanoparticles and the Effect on Photoluminescence. Appl. Surf. Sci. 2012, 258, 5778–5785.
[CrossRef]

140. Shah, S.S.; Gersey, Z.C.; Nuh, M.; Ghonim, H.T.; Elhammady, M.S.; Peterson, E.C. Microsurgical versus Endovascular Interventions
for Blood-Blister Aneurysms of the Internal Carotid Artery: Systematic Review of Literature and Meta-Analysis on Safety and
Efficacy. J. Neurosurg. 2017, 127, 1361–1373. [CrossRef] [PubMed]

141. Habeeb, O.A.; Kanthasamy, R.; Ali, G.A.M.; Sethupathi, S.; Yunus, R.B.M. Hydrogen Sulfide Emission Sources, Regulations, and
Removal Techniques: A Review. Rev. Chem. Eng. 2018, 34, 837–854. [CrossRef]

142. Zoccali, M.; Tranchida, P.Q.; Mondello, L. Fast Gas Chromatography-Mass Spectrometry: A Review of the Last Decade. TrAC
Trends Anal. Chem. 2019, 118, 444–452. [CrossRef]

143. Mirzaei, A.; Kim, S.S.; Kim, H.W. Resistance-Based H2S Gas Sensors Using Metal Oxide Nanostructures: A Review of Recent
Advances. J. Hazard. Mater. 2018, 357, 314–331. [CrossRef] [PubMed]

144. Shaposhnik, A.; Moskalev, P.; Sizask, E.; Ryabtsev, S.; Vasiliev, A. Selective Detection of Hydrogen Sulfide and Methane by a
Single MOX-Sensor. Sensors 2019, 19, 1135. [CrossRef]

145. Llobet, E.; Brunet, J.; Pauly, A.; Ndiaye, A.; Varenne, C. Nanomaterials for the Selective Detection of Hydrogen Sulfide in Air.
Sensors 2017, 17, 391. [CrossRef]

146. Fu, T. Sensing Behavior of CdS Nanoparticles to SO2, H2S and NH3 at Room Temperature. Mater. Res. Bull. 2013, 48, 1784–1790.
[CrossRef]

147. Huang, J.; Wu, J. Robust and Rapid Detection of Mixed Volatile Organic Compounds in Flow Through Air by a Low Cost
Electronic Nose. Chemosensors 2020, 8, 73. [CrossRef]

148. Ezratty, V.; Bonay, M.; Neukirch, C.; Orset-Guillossou, G.; Dehoux, M.; Koscielny, S.; Cabanes, P.-A.; Lambrozo, J.; Aubier, M.
Effect of Formaldehyde on Asthmatic Response to Inhaled Allergen Challenge. Environ. Health Perspect. 2007, 115, 210–214.
[CrossRef]

149. Castro-Hurtado, I.; Herrán, J.; Ga Mandayo, G.; Castaño, E. SnO2-Nanowires Grown by Catalytic Oxidation of Tin Sputtered Thin
Films for Formaldehyde Detection. Thin Solid Films 2012, 520, 4792–4796. [CrossRef]

https://doi.org/10.1021/acssensors.6b00597
https://www.ncbi.nlm.nih.gov/pubmed/28722446
https://doi.org/10.1007/s10832-015-0007-9
https://doi.org/10.1007/s00339-011-6462-5
https://doi.org/10.3390/s18041052
https://www.ncbi.nlm.nih.gov/pubmed/29614746
https://doi.org/10.3390/s18113716
https://doi.org/10.1109/JIOT.2018.2853660
https://doi.org/10.1016/j.matpr.2020.10.161
https://doi.org/10.1039/C5RA21184K
https://doi.org/10.1016/j.snb.2016.10.101
https://doi.org/10.1016/j.sintl.2021.100116
https://doi.org/10.1016/j.ssi.2017.10.024
https://doi.org/10.1016/j.synthmet.2020.116602
https://doi.org/10.1029/2004GB002311
https://doi.org/10.1111/j.1600-0668.2004.00298.x
https://doi.org/10.1088/1742-6596/276/1/012129
https://doi.org/10.1007/BF02745557
https://doi.org/10.1016/j.apsusc.2012.02.093
https://doi.org/10.3171/2016.9.JNS161526
https://www.ncbi.nlm.nih.gov/pubmed/28298019
https://doi.org/10.1515/revce-2017-0004
https://doi.org/10.1016/j.trac.2019.06.006
https://doi.org/10.1016/j.jhazmat.2018.06.015
https://www.ncbi.nlm.nih.gov/pubmed/29902726
https://doi.org/10.3390/s19051135
https://doi.org/10.3390/s17020391
https://doi.org/10.1016/j.materresbull.2013.01.037
https://doi.org/10.3390/chemosensors8030073
https://doi.org/10.1289/ehp.9414
https://doi.org/10.1016/j.tsf.2011.10.140


Sensors 2023, 23, 5716 33 of 35

150. Descamps, M.N.; Bordy, T.; Hue, J.; Mariano, S.; Nonglaton, G.; Schultz, E.; Tran-Thi, T.H.; Vignoud-Despond, S. Real-Time
Detection of Formaldehyde by a Sensor. Sens. Actuators B Chem. 2012, 170, 104–108. [CrossRef]

151. Leidinger, M.; Sauerwald, T.; Conrad, T.; Reimringer, W.; Ventura, G.; Schütze, A. Selective Detection of Hazardous Indoor VOCs
Using Metal Oxide Gas Sensors. Procedia Eng. 2014, 87, 1449–1452. [CrossRef]

152. Schuler, M.; Helwig, N.; Schutze, A.; Sauerwald, T.; Ventura, G. Detecting Trace-Level Concentrations of Volatile Organic
Compounds with Metal Oxide Gas Sensors. In Proceedings of the 2013 IEEE SENSORS, Baltimore, MD, USA, 3–6 November
2013; pp. 1–4.

153. Wang, J.; Zhou, Q.; Peng, S.; Xu, L.; Zeng, W. Volatile Organic Compounds Gas Sensors Based on Molybdenum Oxides: A Mini
Review. Front. Chem. 2020, 8, 339. [CrossRef]

154. Capelli, L.; Sironi, S.; Del Rosso, R. Electronic Noses for Environmental Monitoring Applications. Sensors 2014, 14, 19979–20007.
[CrossRef] [PubMed]

155. Ozmen, A.; Dogan, E. Design of a Portable E-Nose Instrument for Gas Classifications. IEEE Trans. Instrum. Meas. 2009, 58,
3609–3618. [CrossRef]

156. Romain, A.C.; Godefroid, D.; Kuske, M.; Nicolas, J. Monitoring the Exhaust Air of a Compost Pile as a Process Variable with an
E-Nose. Sens. Actuators B Chem. 2005, 106, 29–35. [CrossRef]

157. Leidinger, M. European Network on New Sensing Technologies for Air Pollution Control and Environmental Sustainability—
EuNetAir COST Action TD1105. In Proceedings of the 2nd International Workshop EuNetAir on New Sensing Technologies for
Indoor and Outdoor Air Quality Control, Brindisi, Italy, 25–26 March 2014.

158. Capezzuto, L.; Abbamonte, L.; De Vito, S.; Massera, E.; Formisano, F.; Fattoruso, G.; Di Francia, G.; Buonanno, A. A Maker
Friendly Mobile and Social Sensing Approach to Urban Air Quality Monitoring. In Proceedings of the 2014 IEEE SENSORS, St.
Valencia, Spain, 2–5 November 2014; pp. 12–16.

159. Hannon, A.; Lu, Y.; Li, J.; Meyyappan, M. A Sensor Array for the Detection and Discrimination of Methane and Other Environ-
mental Pollutant Gases. Sensors 2016, 16, 1163. [CrossRef]

160. Herrero, J.L.; Lozano, J.; Santos, J.P.; Fernandez, J.A.; Marcelo, J.I.S. A Web-Based Approach for Classifying Environmental
Pollutants Using Portable E-Nose Devices. IEEE Intell. Syst. 2016, 31, 108–112. [CrossRef]

161. Lewis, A.; Peltier, W.R.; von Schneidemesser, E. Low-Cost Sensors for the Measurement of Atmospheric Composition: Overview of Topic
and Future Applications; World Meteorological Organization (WMO): Geneva, Switzerland, 2018.

162. Arroyo, P.; Meléndez, F.; Suárez, J.I.; Herrero, J.L.; Rodríguez, S.; Lozano, J. Electronic Nose with Digital Gas Sensors Connected
via Bluetooth to a Smartphone for Air Quality Measurements. Sensors 2020, 20, 786. [CrossRef]

163. Chmielewski, A. Monitoring, Control and Effects of Air Pollution; Chmielewski, A.G., Ed.; InTech: Vienna, Austria, 2011; ISBN
978-953-307-526-6.

164. Vuka, M.; Schaffernicht, E.; Schmuker, M.; Bennetts, V.H.; Amigoni, F.; Lilienthal, A.J. Exploration and Localization of a Gas
Source with MOX Gas Sensors on a Mobile Robot—A Gaussian Regression Bout Amplitude Approach. In Proceedings of the
2017 ISOCS/IEEE International Symposium on Olfaction and Electronic Nose (ISOEN), Montreal, QC, Canada, 28–31 May 2017;
pp. 1–3.

165. Webster-Wood, V.A.; Akkus, O.; Gurkan, U.A.; Chiel, H.J.; Quinn, R.D. Organismal Engineering: Toward a Robotic Taxonomic
Key for Devices Using Organic Materials. Sci. Robot. 2017, 2, eaap9281. [CrossRef]

166. Kuwana, Y.; Shimoyama, I. A Pheromone-Guided Mobile Robot That Behaves like a Silkworm Moth with Living Antennae as
Pheromone Sensors. Int. J. Rob. Res. 1998, 17, 924–933. [CrossRef]

167. Vergassola, M.; Villermaux, E.; Shraiman, B.I. ‘Infotaxis’ as a Strategy for Searching without Gradients. Nature 2007, 445, 406–409.
[CrossRef] [PubMed]

168. Schmuker, M.; Bahr, V.; Huerta, R. Exploiting Plume Structure to Decode Gas Source Distance Using Metal-Oxide Gas Sensors.
Sens. Actuators B Chem. 2016, 235, 636–646. [CrossRef]

169. Helli, O.; Siadat, M.; Lumbreras, M. Qualitative and Quantitative Identification of H2S/NO2 Gaseous Components in Different
Reference Atmospheres Using a Metal Oxide Sensor Array. Sens. Actuators B Chem. 2004, 103, 403–408. [CrossRef]

170. Negri, R.M.; Reich, S. Identification of Pollutant Gases and Its Concentrations with a Multisensor Array. Sens. Actuators B Chem.
2001, 75, 172–178. [CrossRef]

171. Wolfrum, E.J.; Meglen, R.M.; Peterson, D.; Sluiter, J. Metal Oxide Sensor Arrays for the Detection, Differentiation, and Quantifica-
tion of Volatile Organic Compounds at Sub-Parts-per-Million Concentration Levels. Sens. Actuators B Chem. 2006, 115, 322–329.
[CrossRef]

172. Sironi, S.; Capelli, L.; Céntola, P.; Del Rosso, R.; Il Grande, M. Continuous Monitoring of Odours from a Composting Plant Using
Electronic Noses. Waste Manag. 2007, 27, 389–397. [CrossRef]

173. Burgués, J.; Jiménez-Soto, J.M.; Marco, S. Using Net Analyte Signal to Estimate the Limit of Detection in Temperature-Modulated
MOX Sensors. Procedia Eng. 2016, 168, 436–439. [CrossRef]

174. Fonollosa, J.; Vergara, A.; Huerta, R.; Marco, S. Estimation of the Limit of Detection Using Information Theory Measures. Anal.
Chim. Acta 2014, 810, 1–9. [CrossRef]

175. Fan, H.; Bennetts, V.H.; Schaffernicht, E.; Lilienthal, A.J. A Cluster Analysis Approach Based on Exploiting Density Peaks for Gas
Discrimination with Electronic Noses in Open Environments. Sens. Actuators B Chem. 2018, 259, 183–203. [CrossRef]

https://doi.org/10.1016/j.snb.2011.02.032
https://doi.org/10.1016/j.proeng.2014.11.722
https://doi.org/10.3389/fchem.2020.00339
https://doi.org/10.3390/s141119979
https://www.ncbi.nlm.nih.gov/pubmed/25347583
https://doi.org/10.1109/TIM.2009.2018695
https://doi.org/10.1016/j.snb.2004.05.033
https://doi.org/10.3390/s16081163
https://doi.org/10.1109/MIS.2016.48
https://doi.org/10.3390/s20030786
https://doi.org/10.1126/scirobotics.aap9281
https://doi.org/10.1177/027836499801700902
https://doi.org/10.1038/nature05464
https://www.ncbi.nlm.nih.gov/pubmed/17251974
https://doi.org/10.1016/j.snb.2016.05.098
https://doi.org/10.1016/j.snb.2004.04.069
https://doi.org/10.1016/S0925-4005(01)00543-3
https://doi.org/10.1016/j.snb.2005.09.026
https://doi.org/10.1016/j.wasman.2006.01.029
https://doi.org/10.1016/j.proeng.2016.11.538
https://doi.org/10.1016/j.aca.2013.10.030
https://doi.org/10.1016/j.snb.2017.10.063


Sensors 2023, 23, 5716 34 of 35

176. Vergara, A.; Fonollosa, J.; Mahiques, J.; Trincavelli, M.; Rulkov, N.; Huerta, R. On the Performance of Gas Sensor Arrays in Open
Sampling Systems Using Inhibitory Support Vector Machines. Sens. Actuators B Chem. 2013, 185, 462–477. [CrossRef]

177. Fonollosa, J.; Rodríguez-Luján, I.; Trincavelli, M.; Vergara, A.; Huerta, R. Chemical Discrimination in Turbulent Gas Mixtures
with MOX Sensors Validated by Gas Chromatography-Mass Spectrometry. Sensors 2014, 14, 19336–19353. [CrossRef] [PubMed]

178. Jin, H.; Haick, H. UV Regulation of Non-Equilibrated Electrochemical Reaction for Detecting Aromatic Volatile Organic Com-
pounds. Sens. Actuators B Chem. 2016, 237, 30–40. [CrossRef]

179. Kahn, N.; Lavie, O.; Paz, M.; Segev, Y.; Haick, H. Dynamic Nanoparticle-Based Flexible Sensors: Diagnosis of Ovarian Carcinoma
from Exhaled Breath. Nano Lett. 2015, 15, 7023–7028. [CrossRef] [PubMed]

180. Pan, X.; Liu, X.; Bermak, A.; Fan, Z. Self-Gating Effect Induced Large Performance Improvement of ZnO Nanocomb Gas Sensors.
ACS Nano 2013, 7, 9318–9324. [CrossRef]

181. Zang, Y.; Zhang, F.; Huang, D.; Di, C.; Meng, Q.; Gao, X.; Zhu, D. Specific and Reproducible Gas Sensors Utilizing Gas-Phase
Chemical Reaction on Organic Transistors. Adv. Mater. 2014, 26, 2862–2867. [CrossRef]

182. Hu, W.; Wan, L.; Jian, Y.; Ren, C.; Jin, K.; Su, X.; Bai, X.; Haick, H.; Yao, M.; Wu, W. Electronic Noses: From Advanced Materials to
Sensors Aided with Data Processing. Adv. Mater. Technol. 2018, 1800488. [CrossRef]

183. Beuerle, F.; Gole, B. Covalent Organic Frameworks and Cage Compounds: Design and Applications of Polymeric and Discrete
Organic Scaffolds. Angew. Chemie Int. Ed. 2018, 57, 4850–4878. [CrossRef]

184. Chang, Z.; Sun, Y.; Zhang, Y.; Gao, Y.; Weng, X.; Chen, D.; David, L.; Xie, J. Bionic Optimization Design of Electronic Nose
Chamber for Oil and Gas Detection. J. Bionic Eng. 2018, 15, 533–544. [CrossRef]

185. Lvova, L.; Di Natale, C.; Paolesse, R. Chemical Sensors for Water Potability Assessment. In Bottled and Packaged Water; Elsevier:
Amsterdam, The Netherlands, 2019; pp. 177–208.

186. Abbatangelo, M.; Núñez-Carmona, E.; Sberveglieri, V.; Comini, E.; Sberveglieri, G. Array of MOX Nanowire Gas Sensors for
Wastewater Management. In Proceedings of the EUROSENSORS 2018, Graz, Austria, 9–12 September 2018; p. 996.

187. Chocarro-Ruiz, B.; Herranz, S.; Fernández Gavela, A.; Sanchís, J.; Farré, M.; Marco, M.P.; Lechuga, L.M. Interferometric
Nanoimmunosensor for Label-Free and Real-Time Monitoring of Irgarol 1051 in Seawater. Biosens. Bioelectron. 2018, 117, 47–52.
[CrossRef]

188. Gostelow, P.; Parsons, S.A.; Stuetz, R.M. Odour Measurements for Sewage Treatment Works. Water Res. 2001, 35, 579–597.
[CrossRef] [PubMed]
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