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Abstract: Nitrogen species present in the atmosphere, soil, and water play a vital role in ecosystem
stability. Reactive nitrogen gases are key air quality indicators and are responsible for atmospheric
ozone layer depletion. Soil nitrogen species are one of the primary macronutrients for plant growth.
Species of nitrogen in water are essential indicators of water quality, and they play an important
role in aquatic environment monitoring. Anthropogenic activities have highly impacted the natural
balance of the nitrogen species. Therefore, it is critical to monitor nitrogen concentrations in different
environments continuously. Various methods have been explored to measure the concentration of
nitrogen species in the air, soil, and water. Here, we review the recent advancements in optical
and electrochemical sensing methods for measuring nitrogen concentration in the air, soil, and
water. We have discussed the advantages and disadvantages of the existing methods and the future
prospects. This will serve as a reference for researchers working with environment pollution and
precision agriculture.
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1. Introduction

Nitrogen is the most abundant element in our planet’s atmosphere. Nitrogen gas (N5)
makes approximately 78 percent of the earth’s atmosphere [1]. Chemically, it is an essential
component of biomolecules, such as amino acids and nucleotides, and it is the fourth
most prevalent chemical in living organisms. The increase in inorganic nitrogen in the
environment promotes the growth of living organisms. The world’s population is expected
to reach roughly nine billion people in the next thirty years, necessitating an increase in
food production by more than seventy percent [2]. Farmers use approximately 190 million
metric tons of fertilizer in an inefficient and uncontrolled manner in order to address this
challenge [3]. The increased use of fertilizers, along with other anthropogenic activities,
such as fossil fuel burning and industrialization, has contributed to an increase in reactive
nitrogen in the biosphere by a factor of 13 since 1850 [4]. Reactive nitrogen gases in the
atmosphere have become a significant cause of air pollution and breathing-related diseases
in the human body [5]. When excess nitrogen enters the water, it causes the overgrowth of
algae. This algae boom creates a dead zone by absorbing excessive oxygen and blocking the
sunlight. According to current estimates of the situation, there are approximately 400 dead
zones in the oceans, covering an area four times greater than it was in 1950 [4]. As a result,
monitoring the nitrogen species in the environment has become an important topic [6].

Researchers have explored several electrochemical and optical methods for detecting
nitrogen species in various environments (Figure 1) [7-17]. Traditional approaches required
manual sample collection that then needed to be assessed in the lab, where lab analysis
produced precise results. However, lab analysis is not always practical because of the
time and resources that it requires. Therefore, the focus shifted to in situ studies. Several
attempts have been made for real-time in situ analyses, of which, only a few found their way
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into commercial application. This article reviews the recent advances in nitrogen detection
techniques and discusses the potential future directions for real-time in situ monitoring.

Deteciton Methods of Nitrogen Species
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Figure 1. Deteciton methods of nitrogen species.

2. Species of Nitrogen in Nature

Many biomolecules, such as proteins, DNA, and chlorophyll, require nitrogen as a
component. Unfortunately, naturally abundant dinitrogen gas (N;) is chemically inert,
which makes it inaccessible to most organisms. As a result, nitrogen has to go through
various transformations in its life cycle before the primary producers can absorb it [18].
Nitrogen fixation and ammonification, nitrification, and denitrification are the primary
conversion processes. These processes allow for the existence of nitrogen in both organic
(e.g., amino and nucleic acids) and inorganic (e.g., ammonia, nitrate) forms. Various
microorganisms in the biosphere, such as bacteria, archaea, and fungi, also aid in these
changes [19].

The nitrogen cycle is significantly influenced by human activity [20]. The amount of
biologically available nitrogen in a system can surge due to burning fossil fuels, applying
nitrogen-based fertilizers, and other activities (Figure 2) [21]. Significant changes in nitrogen
availability can induce severe adjustments in the nitrogen cycle in aquatic and terrestrial
ecosystems because nitrogen availability typically limits the primary productivity of many
ecosystems. Studies show that human activity and industrialization have increased nitrogen
fixation at an exponential rate since the 1940s [22].

The consequences of excess N are manifold, ranging from the eutrophication of ter-
restrial and aquatic systems to global acidification and stratospheric ozone loss. Excess
nitrogen in the soil is transported away by surface runoff and water moving through the
ground. Eventually, it ends up in the water and other ecosystems that can also obtain
nitrogen from precipitation. Through these mechanisms, nitrogen enters surface water
bodies, altering nature and hastening its aging or eutrophication by boosting the growth of
algae and aquatic plants. As these aquatic organisms die and decay, this produces aesthetic
concerns and depletes the oxygen content in the water [23].
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Figure 2. Human activities that form reactive nitrogen, and resulting consequences in the envi-
ronment. [Image credit: Galloway et al., Climate Change Impacts in the United States: The Third
National Climate Assessment; Technical Report (U.S. Global Change Research Program; 2014) [24]].

3. Nitrogen Species Detection in Air

A large pool of nitrogen gas (N;) exists in the Earth’s atmosphere. At normal tempera-
tures, molecular nitrogen (N3) is an inert gas. Other nitrogen gases (NOy) generated by
anthropogenic sources, on the other hand, are harmful to the environment. Nitrous oxide
(N2O) is one of the significant greenhouse gases responsible for ozone layer depletion;
nitric oxide (NO) is a free radical catalyst that is also accountable for ozone layer depletion;
nitrogen dioxide (NO,) is a key air pollutant that causes acid rain. Various strategies have
been investigated to monitor the (NOy) gases in the air due to these serious concerns.

3.1. Electrochemical Sensors for Nitrogen Species Detection in Air
Metal Oxide Semiconductors (MOS)

Metal oxide semiconductors (MOSs) outperform other gas-sensing materials due to
their superior physical and chemical capabilities and their distinct structure. MOS-based
gas sensors can identify a gas by detecting the change in the electrical signal caused
by the gas. Conductometric, impedimetric, and field-effect transistor analyses are three
typical characterization approaches for MOS-based gas sensors. Zinc oxide (ZnO), stannic
oxide (SnO;), molybdenum trioxide (MoO3), nickel(II) oxide (NiO), and copper(I) oxide
(Cup0) are examples of n-type and p-type MOS gas-sensing materials that are commonly
utilized (Figure 3). They are wide-band-gap semiconductors with electrical conductivity
that changes in response to the gas composition around them [25]. The semiconductor is
split into the gas-interacting surface, the gas-unaffected bulk, and the particle boundary in
the middle. The particle boundary is set at a distance equal to the Debye length from any
substance exposed to the atmosphere: the space within the sensor across which chemical
electrostatic influences can propagate, as indicated by the element’s physical characteristics.
Oxygen atoms bond to the border at high temperatures, withdrawing electrons from
the semiconductor’s surface region. After that, the oxygen reacts with the surrounding
gases or binds to the sensor, removing or introducing new charge carriers into the surface
region [26-30].

MOS sensors are popular for the production of inexpensive gas-sensing devices [31].
The idea of using inexpensive MOS sensors to monitor urban air quality has been pop-
ular for some time [28,30]. Even though research on MOS-based gas sensors is growing,
the attention dedicated to this mechanism is still insufficient. It has much potential and
many problems, such as increasing the gas sensitivity of the material and establishing a
comprehensive evaluation system for comparing different mechanisms.
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Figure 3. The n-type and p-type MOS-based gas-sensing method and conduction model. [Reprinted

with permission from ref. [32]].

3.2. Optical Sensors for Nitrogen Species Detection in Air
3.2.1. Non-Dispersive InfraRed (NDIR)

The NDIR gas measurement technology looks for the signature wavelength in the
infrared spectrum to identify specific gases. A typical NDIR detector (Figure 4) consists
of a light source, gas cell (often coated with Au since it is less reactive), band-pass filter,
and detector. The band-pass filter is carefully engineered to match an absorption feature of
the analyte gas. Since many pollutant gases are IR active, they can potentially be monitored
by the NDIR method. Along with other gases, ammonia (NHj3), nitrous oxide (N;O),
and nitrogen oxides (NOx) have been measured via this method [33].
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Figure 4. Cont.
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Figure 4. (A) Schematic of typical NDIR sensor for gas detection. (B) Infrared absorption features for
several gases. [Reprinted with permission from ref. [34]].

The devices are simple, which is an advantage of NDIR measurements. NDIR sensors
can be made tiny and portable, and they only need a small amount of power. The significant
disadvantages of the NDIR are interference by other particles and a high limit of detection.

3.2.2. Satellite Remote Sensing

Over the last few decades, geospatial data analysis employing satellite imagery has
become increasingly common. Several studies [35-41] have reported tropospheric NO, col-
umn observation using satellites to extrapolate ground level NOx concentrations. Satellites
equipped with an imaging spectrometer recognize solar emissions returned or dissem-
inated back to space from the Earth’s surface or atmosphere. Each target atmospheric
gas has a unique spectral fingerprint. The concentration can be measured by recognizing
the constituents” unique fingerprints from the electromagnetic spectrum ot the recorded
data. Hichem et al. [42] measured NO; from May 2018 to June 2019 across the territory of
mainland France using spectral data collected by the Copernicus Sentinel 5P satellite of the
European Space Agency (ESA) (Figure 5). These findings imply that satellite tropospheric
NO; column retrievals and ground-level NO; concentrations are correlated.

While satellite-derived data on air pollution offer researchers the opportunity to
estimate air particles, there are a few drawbacks. First, this is an indirect measuring
method suitable for evaluating a large area over a long period. The measurement must be
scaled based on local conditions and requires calibration from ground-based monitors for a
smaller area [43]. Furthermore, satellites are unable to detect ground-level conditions on

foggy days.
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Figure 5. NO; measurement across mainland France using ESA satellite data. (a) Correlation
coefficient between the overhead columns and the tract-averaged NO, (b) distance between the
closest surface NO, monitoring site and the census tract center point. [Reprinted with permission
from ref. [41]].

4. Nitrogen Species Detection in Soil

There are two primary sources of nitrogen in the soil that plants may use: nitrogen-
containing minerals and atmospheric nitrogen. Nitrogen exists in the atmosphere in a very
inert N, form and must be transformed to other states before being used in the soil. Organic
nitrogen molecules, ammonium (NH4*) ions, and nitrate (NO3 ™) ions are the three main
types of nitrogen in the soil. A large number of ammonium (NHy4*) ions are also fixed into
the soil by added fertilizer. The majority of nitrogen sensing in the soil is dependent on
detecting the amounts of these ions.

4.1. Electrochemical Sensors for Nitrogen Species Detection in Soil
4.1.1. Ion-Selective Electrodes

Ion-selective electrodes (ISE) are potentiometric sensors for measuring ion activity
in a solution. The sensing component of the ISE is an ion-selective membrane (Figure 6).
Various membrane-selective soil nutrients (such as nitrate, sodium, potassium, and cal-
cium) have been developed and are commercially available. This type of sensor depends
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on the electrolyte function; namely, the electrolyte plays a significant role in the sensor
performance. Therefore, most shortcomings arise with a malfunction of electrolytes. For in-
stance, liquid electrolyte-based sensors suffer because a substantial amount of electrolytes
is consumed for each detection. The total lifespan of the sensor is reduced as the amount of
liquid electrolytes in the sensor decreases. With solid electrolyte-based sensors, it suffers
from the possibility of electrolyte poisoning, and its application is limited because of the
relatively high required operating temperature. According to the literature, the majority of
electrochemical sensors are used to detect pollutants, contagions, and nutrients in aquatic
environments [44]. However, ISE’s have also been used in soil extracts, moist soils, and
slurries for measurements [13].

internal reference
electrode

Reference
External reference

solution \f s electrode
membtrane \ /

Analyte solution

Figure 6. Electrochemical cell for a potentiometric measurement with ISE. [Reprinted from ref. [45],
by Pavan M. V. Raja & Andrew R. Barron; via OpenStax CNX (CC BY 4.0)].

The measurement irregularities induced by the following drawbacks are the reason
for these sensors’ limited success. Using electrochemical sensors to evaluate soil nutrients
needs a nutrient extraction technique or device, as well as a rinse agent, which adds to the
analysis time. Aside from the sensor’s need for periodic rinsing, sophisticated calibration
requires understanding the soil texture and physical factors. In addition, highly selective
membranes must be developed for the accuracy improvement of in situ soil nitrate ISEs to
asses the nutrients.

4.1.2. Laser-Induced Graphene Sensor

Due to graphene’s unique material features, including its high flexibility, electrical
and thermal conductivity, and tensile strength, graphene-based electronics hold enormous
potential for a wide range of applications. However, it necessitates a lengthy fabrication
procedure. Laser-induced graphene (LIG) is a relatively recent alternative to printed
graphene circuits that uses a one-step laser writing production approach to generate
flexible graphene electronics on polyimide substrates [46].

Garland et al. showed how to employ a low-cost UV laser to make a LIG sensor for the
soil samples’ ion-selective detection of a plant’s nitrogen ions. They created LIG electrodes
with different laser pulse widths on polyimide/Epson printer paper and found electrodes
with a pulse width of 20 ms to be the most effective. The LIG electrode was then used with
an ionophore membrane that is selective for NHs* or NO3 ™ to develop the ISE (Figure 7).

This research demonstrates that LIG-based electrodes are equivalent to the recent trend
of screen printing low-cost carbon-based electrodes. However, the process is significantly
more straightforward than graphene-printing approaches. LIG electrodes are appropriate
for use in disposable sensor technologies and can be manufactured and scaled roll-to-roll.
Sensor calibration, however, is still required.



Nitrogen 2022, 3

108

¥
O @ NO/MNH'D
@

! ° Interferingg
@‘ @ lons 0

¥ |
O o lonophore O
o

Working electrode

Figure 7. (a) Photograph of five LIG SC ISEs on a single polyimide swatch. (b) Illustration of SC-ISE
ion sensing. (c) Representative electrode used in soil column studies. Passivated regions are shown
as well as bonding pads, working electrode, and reference electrode. [Reprinted with permission
from ref. [46]].

4.2. Optical Sensors for Nitrogen Species Detection in Soil
4.2.1. Infrared Spectrum Analysis (IRS)

Infrared spectroscopy is gaining popularity due to the speedy and cost-effective
prediction of soil’s physical, organic, and chemical properties [47-51]. The most common
spectra utilized in the spectroscopic investigation of soil and water contents are ultraviolet
(UV) [52], near-infrared (NIR) [14], and mid-infrared (MIR) [53]. Joose et al. [54] conducted
a comparative analysis of various IR ranges and discovered that the best predictions for
physical and chemical qualities were generally found in the MIR spectral range; they also
stated that the optimal spectral range selection depends on the soil property. Jose et al.
experimented with both VIS, Vis-NIR and Vis-MIR for soil properties analysis [54], and
could predict the total nitrogen among other components. Nie et al. used NIR spectroscopy
soil in a penetrating probe for measuring soil nitrogen [55]. However these measurements
were performed on treated soil samples in a lab environment.

4.2.2. Attenuated Total Reflectance Spectroscopy

Attenuated total reflectance (ATR) as a spectroscopic sample presentation technique
has been widely used in many areas, including food, agriculture, and environmental science.
The basic principle is the same as infrared spectroscopy. However, rather than lighting
the sample and receiving diffused reflectance spectra, the infrared energy is directed into
a crystal set that is directly in contact with the target sample that has a higher refractive
index. (Figure 8). As a result, the incident energy is reflected multiple times within the
crystal, resulting in an evanescent field at the sample—crystal contact. When the internally
reflected energy eventually leaves the system, it is sent to the spectrophotometer, which
generates the sample’s reflected spectrum. Then, nitrogen contents, along with other soil
components, can be estimated from the spectrum.
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Figure 8. ATR spectroscopy illustration. When an infrared beam enters the ATR device, it is reflected
by a series of reflectors and directed toward the ATR crystal that is in contact with target sample. The
light is reflected by the crystal producing an evanescence. After leaving the ATR crystal, the reflected
energy is directed toward a spectrometer, which generates a sample reflectance spectrum. [Reprinted
from ref. [13], by Lamar Burton1, K. Jayachandran2 and S. Bhansali; via IOP (CC BY 4.0)].

Shao et al. [56] used Fourier transform infrared attenuated total reflection spectroscopy
(FTIR-ATR) in a lab environment and reported that the method could well predict the
nitrate concentration. Many studies [57-59] reported that direct analysis of samples using
ATR spectroscopy requires minimal sample pretreatment. However, the presence of soil
moisture and other minerals causes interferences, which requires advanced data processing.
In addition, this method is not suitable for in situ analysis because of the cost of the
devices involved.

5. Nitrogen Species Detection in Water

Water nitrogen comprises un-ionized ammonia (NH3) and ammonium (NH4*) ions
that are affected by pH and temperature. In most aquatic systems, ammonia nitrogen is
mostly present as ammonium, but when the pH and temperature rise, the fraction of un-
ionized ammonia increases [60]. NH3 and NHy* together contribute to the total ammonia
nitrogen concentration of water, which can be measured in various ways.

5.1. Electrochemical Sensors for Nitrogen Species Detection in Water
5.1.1. Ion-Selective Electrodes

Ion detection with ion-selective electrodes (ISE) is a well-established technique. The
main working principle of ISE is already discussed in the soil nitrogen detection section.
In most natural water, nitrogen mainly exists as an ammonium ion. The polyvinyl chloride
(PVC) membrane is the most widely used ammonium ion-selective membrane. How-
ever, there is a continuous search for a better and more sensitive electrode. Liquid-contact
membranes are affected by the reference liquid, temperature, and pH of the solution [61].
The advancement in solid-contact ISE has provided a new direction for in situ environmen-
tal water analysis [62,63]. Being easy to use and having a quick response time, compactness,
low energy consumption, low production costs, and a high dynamic response range are
just a few of the advantages of in situ analysis using ISE [64].

5.1.2. Gas Sensing Electrodes

The gas-sensing electrode features a hydrophilic permeable membrane that separates am-
monia from the aqueous sample using an internal ammonium chloride solution (Figure 9) [8].
The ammonium salt is transformed into ammonia before being injected into the internal liquid
through a gas-sensitive membrane that filters ammonia to flow through. The concentration is
then determined by measuring the potential signal. This method is comparatively common
and mature. However, recent research has focused on using auxiliary procedures to minimize
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measurement needs or to improve the measurement accuracy. However, this method has to
prove successful in detecting low levels of ammonia nitrogen [65-67].
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Figure 9. Type and structure of multi-parameter composite probes. [Reprinted with permission from
ref. [65]].

5.2. Optical Sensors for Nitrogen Species Detection in Water
5.2.1. Spectrophotometry

Nessler’s reagent is a long-established reagent for determining ammonia in water. When
ammonia combines with Nessler’s reagent, it produces a yellow solution. Nxumalo et al. [68]
and Phansi et al. [69] studied the efficiency of the microfluidic paper-based device (#PAD)
for assessing ammonia in wastewater using Nessler’s reagent approach in recent years.
Phansi et al. used a smartphone camera to identify color intensities in the solution after the
reaction, whereas Nxumalo et al. used a digital camera. In another study, Bao et al. [70]
employed a computer camera to detect nitrogen concentrations using Nessler’s reagent.
The spectrophotometric detection method, which uses Nessler’s reagent, is comparatively
more straightforward, although it is not without drawbacks. Nessler’s reagent is a poisonous
chemical with a short shelf life (around three weeks). Calcium, magnesium, and other ions
can also cause problems with the approach. The pH of the solution is a critical element in the
quantification of ammonia, and it warrants further examination [68].

Over the past years, the Berthelot reaction-based indophenol blue (IPB) method
has been most commonly used to determine ammonia nitrogen in sea water. Reagents
used in the classic IPB approach include phenol, hypochlorite, and nitroprusside [71].
In alkaline circumstances, ammonia reacts with hypochlorite to form monochloramine,
which subsequently reacts with two phenol molecules to form indophenol, a blue-colored
compound. The intensity of the color change directly relates to the concentration of the
ammonia [72].

The Berthelot reaction-based IPB approach offers a good detection range and detection
limit, allowing for on-line portable detection and application to a wide range of real water
samples. The conventional IPB method’s main drawback is reagent toxicity [73], which can
be avoided by utilizing ortho-phenylphenol (OPP) [73] or salicylic acid and its salts instead
of poisonous phenol. The salicylate technique was shown to be more suitable for use in
aquaculture in a recent study [74], since it produces no dangerous secondary pollution and
has excellent precision and accuracy. Figure 10 shows ammonia concentration at different
pH for Nessler’s reagen and IPB mehtod.
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5.2.2. Fluometry

A fluorescence compound absorbs light energy at one wavelength and re-emits it at a
longer wavelength almost instantaneously. In recent years, several researchers have used
this method to determine ammonia nitrogen in aquatic systems. A fluorescent compound
is formed when ammonia nitrogen reacts with o-phthalaldehyde (OPA) and sodium sulfite
in an alkaline medium. This compound emits light of a particular wavelength and intensity
when external energy is applied to it. The intensity of the light is proportional to the nitrogen
content [65]. This method was initially developed for detecting amino acids. Over the
years, researchers have used, modified, and improved this method to detect ammonia
nitrogen by addressing the interference, sensitivity, and sample separation issues [71].
The reaction of NH3-o-phthalaldehyde(OPA)-sulfite is affected by the pH. Ata pH > 10.4,
precipitation occurs due to metal ions in the natural water samples. Hu et al. [76] used
ethylenediaminetetraacetate-NaOH (EDTA-NaOH) as a buffer during the reaction, which
achieved a greater sensitivity for quantifying ultra-trace ammonium. Liang et al. [77]
reported a novel fluorescent reagent, 4-methoxyphthalaldehyde (MOPA), that produces
fluorescent substances reacting with ammonium at room temperature. Zhang et al. [78]
synthesized another novel fluorescent reagent, 4,5-dimethoxyphthalaldehyde, for the in
situ determination of ammonium. They showed that laser diodes (LDs) as light sources for
the laser-induced fluorescence (LIF) detector could perform acceptable detection.

5.2.3. Gas Diffusion Colorimetry

Colorimetric gas sensors are a promising low-cost, low-power option for identifying
gases in the ambient air quickly and easily. The detection process is based on tracking
a color change in a gas-sensitive dye that, in theory, responds selectively to only one
target gas by changing color [79]. This allows researchers to determine ammonium in
water by converting it to ammonia in a gas diffusion unit under alkaline conditions. First,
converted ammonia diffuses to an acid-base indicator solution, causing a color change in
the indicator. The absorbance is then measured using a spectrophotometer. Bromothymol
blue is commonly used as the indicator [80]. Among other indicators, Sukaram et al. [81]
used a natural indicator extracted from the orchid flower to detect ammonia in wastewater,
changing its color from purple to green.

Gas diffusion colorimetric approaches have recently shown a lot of potential for use
with paper-based analytical equipment (#PAD) [55,82]. The gas separation mechanism of this
method lowers interference and delivers a higher and more consistent detection accuracy.
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6. Discussion and Future Prospects

Nitrogen species are present in both organic and inorganic form and travel from one
environment to another through the nitrogen cycle. Researchers have explored various
methods to monitor this flow effectively. Most of the attention is directed to electrochem-
ical and optical detection methods. Both methods have advantages and disadvantages
depending on the target species and the detection environment.

The detection of nitrogen species in the atmosphere has traditionally focused on
ammonia gas and nitrogen oxides because of these gases’ toxicity. The use of metal oxide
gas sensors to detect gaseous nitrogen species has received a great deal of attention and
application. However, metal oxide gas sensors operate at a very high temperature, which
is an obstacle to real-time detection and energy efficiency [83]. Carbon materials, such as
graphene, have been explored to address the temperature issue. Though the application of
carbon materials lowers the temperature, more research is needed to make it operational
at the average air temperature. Alternatively, spectroscopic optical methods are highly
effective at a wide range of temperatures. In addition, spectroscopic methods have a longer
life and provide quick analysis, making them ideal for commercial applications. Laser
absorption and NDIR spectroscopy have been found to be effective in detecting gaseous
nitrogen species where the effective wavelength range is 1450 to 1560 nm in the spectrum.
Shao et al. [84] developed a laser sensor emitting at a 4.54 um frequency, using tunable diode
laser absorption spectroscopy (TDLAS), that could detect N,O and CO simultaneously.
However, future focus should be given to addressing the issue of interference by vapor and
other particles. Other optical sensing methods, such as satellite data analysis, can estimate
nitrogen species for a certain period over a large area. However, they are not suitable for
real-time monitoring due to the nature of the data collection process and the postprocessing
of the data collected by the satellites.

For soil nitrogen species detection, ion-selective electrode sensors are the most popular
electrochemical sensing sensor. However, these sensors work well in moist soil or require
soil pretreatment for better accuracy. In addition, ISEs are very selective to their target and
not suitable for multiple species detection at a time. The fundamental role of electrochemical
sensors is manipulating the reaction at the interface of the electrode and solution to utilize
the electron transfer as an analytical signal. Hence, surface modification plays a vital
role in developing a high-performance electrochemical sensor. In addition, they work
best in a controlled environment, such as a laboratory. Their use in the field is limited
since they are delicate and expensive, have a short lifespan, require frequent calibration,
and are susceptible to variables, such as the pH of the sample [85]. On the other hand,
soil spectroscopy does not require any chemical reagent since it does not involve any
chemical reaction. This method has shown high potential in both the laboratory and
field applications. Recent advances in portable spectrometer development have made this
method suitable for in situ monitoring. Fillipe et al. [85] developed a modular compact
sensing system for soil NPK using direct UV-Vis spectroscopy combined with an optical
fiber. They showed that an analytical grade quantification of NPK is possible by recording
absorption spectra and applying a self-learning artificial intelligence algorithm to them.
However, it is necessary to carry out more research to overcome the interference from
soil moisture and other minerals. In addition, the type of the soil plays an important role
in spectral analysis since the absorbance or reflectance of light varies depending on soil
texture. Therefore, further study is required to see how spectroscopic methods perform
based on the soil type.

Optical sensors have been used in agriculture, industry, healthcare systems, environ-
mental monitoring, and space science for decades. They have undergone tremendous
growth and advancement in recent years. As a result of their dielectric properties, they can
be employed in high-voltage, high-temperature, and corrosive situations. Furthermore,
these sensors are suitable for interfacing with data communication systems and remote
sensing. Optical sensing is the ideal answer for applications where traditional electrical sen-
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sors have proven ineffectual or challenging to utilize, such as extreme climatic conditions
and detecting across great distances [86].

Globally, farmers are looking for advanced precision technologies to assist them
in changing their agri-tech practices into more sustainable and productive ones. As a
result, soil data that are accurate and updated in real-time have become one of the most
significant resources for farmers. Precision agriculture uses remotely sensed data to help
farmers reduce their resource input while increasing their yield [13]. Real-time remote
sensing is also crucial for environmental sensing to prevent air and water pollution. Up
to this point, different techniques have been employed in a variety of settings. There is
no single method that can be applied in multiple environments due to the differences in
each environment. Whereas electrochemical sensors are highly selective, optical sensors
can open the door for multivariate sensing. The application of optical spectroscopy in
this situation has great potential. Spectroscopic methods have been applied in air, soil,
and water environments (Table 1). Since the chemical structures have a unique signature in
spectra at a different wavelength, it would be exciting to look further into it. Optical sensors
of different wavelengths can be coupled to capture the spectral response at a wide range of
wavelengths. Then, modern machine learning algorithms can be used to analyze the data.
This can open a new door for in situ analysis. Modern optical sensors can be coupled with
machine learning and Al to produce results comparable to laboratory analysis. A gradual
decrease in size and cost of optical sensors, increase in longevity, and advancement in
edge Al technology have made it of great importance to explore these areas. An array of
these sensors can be deployed to collect localized data and develop statistical models by
combining and validating with data from other sources, such as satellite data, to map a
whole region [87-89].

Table 1. Optical sensing methods in various environments.

Environment Sensing Method Detected Components References

Soil IRS Spectroscopy Soil Nitrogen [47-50]
Soil ATR Spectroscopy Nitrate [56]

Water ATR Spectroscopy Nitrate [15,90]

Water UV Spectroscopy Nitrate [52]
Air FTIR Spectroscopy NO, [91]
Air NDIR NO, [33]
Air TDLAS NO, [84]
Air LED Absorption Spectroscopy NO, [92]

7. Conclusions

Various sensing techniques for nitrate species detection in diverse settings have been
widely investigated in recent times. Despite the fact that other approaches have been
investigated, electrochemical sensors have received the most interest for their sensitivity
and simplicity. However, due to surface fouling and their low stability, they must be
maintained and calibrated on a regular basis. As a result, to meet environmental and
agricultural needs, we need robust in situ sensors that can give long-term real-time analyses.
Optical sensors have recently gained popularity among researchers due to their compact
size, longer lifetime, immunity to diverse interference, and lower cost. In addition, there
has been a minimal attempt to replace traditional mathematical calibration and sensor data
processing models with cutting-edge machine learning techniques. With recent advances
in edge computing and edge Al, it is clear that experimenting with and implementing these
new technologies can result in more accurate, long-lasting real-time nitrogen sensing.

Author Contributions: M.EY. conducted most of the experiments, data curation and writing. M.S.M.
was responsible for draft preparation and supervision of this project. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by NSF SitS Award: 1920965.



Nitrogen 2022, 3 114

Data Availability Statement: Not Applicable.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1.  Zerkle, A.L.; Mikhail, S. The geobiological nitrogen cycle: From microbes to the mantle. Geobiology 2017, 15, 343-352. [CrossRef]

2. Godfray, H.C.].; Beddington, ].R.; Crute, LR.; Haddad, L.; Lawrence, D.; Muir, ].E,; Pretty, J.; Robinson, S.; Thomas, S.M.; Toulmin,
C. Food Security: The Challenge of Feeding 9 Billion People. Science 2010, 327, 812-818. [CrossRef]

3. Zhang, W. Global pesticide use: Profile, trend, cost/benefit and more. Pesticide 2018, 8, 1-27.

4. Breitburg, D.; Levin, L.A.; Oschlies, A.; Grégoire, M.; Chavez, EP,; Conley, D.J.; Gar¢on, V.; Gilbert, D.; Gutiérrez, D.; Isensee, K,;
et al. Declining oxygen in the global ocean and coastal waters. Science 2018, 359, eaam7240. [CrossRef]

5. Greaver, T.L.; Sullivan, T.J.; Herrick, J.D.; Barber, M.C.; Baron, J.S.; Cosby, B.].; Deerhake, M.E.; Dennis, R.L.; Dubois, ].].B.;
Goodale, C.L.; et al. Ecological effects of nitrogen and sulfur air pollution in the US: What do we know? Front. Ecol. Environ.
2012, 10, 365-372. [CrossRef]

6.  Cornell, S.E. Atmospheric nitrogen deposition: Revisiting the question of the importance of the organic component. Environ.
Pollut. 2011, 159, 2214-2222. [CrossRef]

7. Li, P; Deng, Y.; Shu, H.; Lin, K,; Chen, N.; Jiang, Y.; Chen, J.; Yuan, D.; Ma, J. High-frequency underway analysis of ammonium
in coastal waters using an integrated syringe-pump-based environmental-water analyzer (iSEA). Talanta 2019, 195, 638-646.
[CrossRef]

8. Kwak, D,; Lei, Y,; Maric, R. Ammonia gas sensors: A comprehensive review. Talanta 2019, 204, 713-730. [CrossRef]

9. de Hoyos-Vazquez, FF.; de Leén, M.C.C.; Serrano-Nufiez, E.O.; Flores-Alamo, N.; Rios, M.].S. Development of a novel non-
dispersive infrared multi sensor for measurement of gases in sediments. Sens. Actuators B Chem. 2019, 288, 486—492. [CrossRef]

10. Xiao, S.; He, Y;; Dong, T.; Nie, P. Spectral analysis and sensitive waveband determination based on nitrogen detection of different
soil types using near infrared sensors. Sensors 2018, 18, 523. [CrossRef]

11.  Dey, A. Semiconductor metal oxide gas sensors: A review. Mater. Sci. Eng. B 2018, 229, 206-217. [CrossRef]

12, Amali, RK.A.; Lim, H.N.; Ibrahim, I.; Huang, N.M.; Zainal, Z.; Ahmad, S.A.A. Significance of nanomaterials in electrochemical
sensors for nitrate detection: A review. Trends Environ. Anal. Chem. 2021, 31, 135. [CrossRef]

13. Burton, L.; Jayachandran, K.; Bhansali, S. Review—The “Real-Time” Revolution for In situ Soil Nutrient Sensing. J. Electrochem.
Soc. 2020, 167, 037569. [CrossRef]

14. Pasquini, C. Near infrared spectroscopy: A mature analytical technique with new perspectives—A review. Anal. Chim. Acta 2018,
1026, 8-36. [CrossRef]

15. Gan, E; Wu, K;; Ma, F; Du, C. In Situ Determination of Nitrate in Water Using Fourier Transform Mid-Infrared Attenuated Total
Reflectance Spectroscopy Coupled with Deconvolution Algorithm. Molecules 2020, 25, 5838. [CrossRef]

16. Morellos, A.; Pantazi, X.E.; Moshou, D.; Alexandridis, T.; Whetton, R.; Tziotzios, G.; Wiebensohn, J.; Bill, R.; Mouazen, A.M.
Machine learning based prediction of soil total nitrogen, organic carbon and moisture content by using VIS-NIR spectroscopy.
Biosyst. Eng. 2016, 152, 104-116. [CrossRef]

17.  Zhang, Y.; Li, M.Z.; Zheng, L.H.; Zhao, Y.; Pei, X. Soil nitrogen content forecasting based on real-time NIR spectroscopy. Comput.
Electron. Agric. 2016, 124, 29-36. [CrossRef]

18. Bernhard, A. The Nitrogen Cycle: Processes, Players, and Human Impact. Nat. Educ. Knowl. 2010, 3, 25.

19. Robertson, G.; Groffman, P. Nitrogen Transformations. In Soil Microbiology, Ecology and Biochemistry; Academic Press: Cambridge,
MA, USA, 2007; pp. 341-364. [CrossRef]

20. Grace, PR,; Robertson, G.P.; Millar, N.; Colunga-Garcia, M.; Basso, B.; Gage, S.H.; Hoben, J. The contribution of maize cropping in
the Midwest USA to global warming: A regional estimate. Agric. Syst. 2011, 104, 292-296. [CrossRef]

21. Basso, B.; Dumont, B.; Cammarano, D.; Pezzuolo, A.; Marinello, F.; Sartori, L. Environmental and economic benefits of variable
rate nitrogen fertilization in a nitrate vulnerable zone. Sci. Total Environ. 2016, 545-546, 227-235. [CrossRef]

22. Vitousek, PM.; Aber, ].D.; Howarth, RW.; Likens, G.E.; Matson, P.A.; Schindler, D.W.; Schlesinger, W.H.; Tilman, D.G. Human
alteration of the global nitrogen cycle: Sources and consequences. Ecol. Appl. 1997, 7, 737-750. [CrossRef]

23. Erisman, ]JW.; Galloway, ].N.; Seitzinger, S.; Bleeker, A.; Dise, N.B.; Petrescu, A.M.R.; Leach, A.M.; de Vries, W. Consequences of
human modification of the global nitrogen cycle. Philos. Trans. R. Soc. B Biol. Sci. 2013, 368. [CrossRef]

24. Galloway, ].N.; Schlesinger, W.H.; Clark, C.M.; Grimm, N.B.; Jackson, R.B.; Law, B.E.; Thornton, P.E.; Townsend, A.R.; Martin, R.
Ch. 15: Biogeochemical Cycles. In Climate Change Impacts in the United States: The Third National Climate Assessment; Technical
Report, U.S. Global Change Research Program; National Climate Assessment: Washington, DC, USA, 2014. [CrossRef]

25. Lu, Z; Pang, Y,; Li, S.; Wang, Y.; Yang, Z.; Ma, D.; Wu, R. Phosphorene: A promising metal free cathode material for proton
exchange membrane fuel cell. Appl. Surf. Sci. 2019, 479, 590-594. [CrossRef]

26. Binions, R.; Naik, A.]. Metal oxide semiconductor gas sensors in environmental monitoring. Semicond. Gas Sens. 2013, 433—-466.
[CrossRef]

27. Procek, M.; Pustelny, T. Analysis of the responses of metal-Oxide semiconductor nanostructures to nitrogen dioxide. Acta Phys.

Pol. A 2013, 124, 529-533. [CrossRef]


http://doi.org/10.1111/gbi.12228
http://dx.doi.org/10.1126/science.1185383
http://dx.doi.org/10.1126/science.aam7240
http://dx.doi.org/10.1890/110049
http://dx.doi.org/10.1016/j.envpol.2010.11.014
http://dx.doi.org/10.1016/j.talanta.2018.11.108
http://dx.doi.org/10.1016/j.talanta.2019.06.034
http://dx.doi.org/10.1016/j.snb.2019.03.017
http://dx.doi.org/10.3390/s18020523
http://dx.doi.org/10.1016/j.mseb.2017.12.036
http://dx.doi.org/10.1016/j.teac.2021.e00135
http://dx.doi.org/10.1149/1945-7111/ab6f5d
http://dx.doi.org/10.1016/j.aca.2018.04.004
http://dx.doi.org/10.3390/molecules25245838
http://dx.doi.org/10.1016/j.biosystemseng.2016.04.018
http://dx.doi.org/10.1016/j.compag.2016.03.016
http://dx.doi.org/10.1016/B978-0-08-047514-1.50017-2
http://dx.doi.org/10.1016/j.agsy.2010.09.001
http://dx.doi.org/10.1016/j.scitotenv.2015.12.104
http://dx.doi.org/10.1890/1051-0761(1997)007[0737:HAOTGN]2.0.CO;2
http://dx.doi.org/10.1098/rstb.2013.0116
http://dx.doi.org/10.7930/J0X63JT0
http://dx.doi.org/10.1016/j.apsusc.2019.02.013
http://dx.doi.org/10.1533/9780857098665.4.433
http://dx.doi.org/10.12693/APhysPolA.124.529

Nitrogen 2022, 3 115

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

Krivetskiy, V.; Malkov, I.; Garshev, A.; Mordvinova, N.; Lebedev, O.1,; Dolenko, S.; Efitorov, A.; Grigoriev, T.; Rumyantseva, M.;
Gaskov, A. Chemically modified nanocrystalline SnO;-based materials for nitrogen-containing gases detection using gas sensor
array. J. Alloys Compd. 2017, 691, 514-523. [CrossRef]

Zhang, C.; Luo, Y.; Xu, J.; Debliquy, M. Room temperature conductive type metal oxide semiconductor gas sensors for NO,
detection. Sens. Actuators A Phys. 2019, 289, 118-133. [CrossRef]

Peterson, PJ.; Aujla, A.; Grant, KH.; Brundle, A.G.; Thompson, M.R.; Hey, J.V.; Leigh, R.J. Practical use of metal oxide
semiconductor gas sensors for measuring nitrogen dioxide and ozone in urban environments. Sensors 2017, 17, 1653. [CrossRef]
Venkatanarayanan, A.; Spain, E. Review of Recent Developments in Sensing Materials. Compr. Mater. Process. 2014, 13, 47-101.
[CrossRef]

Zhang, J.; Qin, Z.; Zeng, D.; Xie, C. Metal-oxide-semiconductor based gas sensors: Screening, preparation, and integration. Phys.
Chem. Chem. Phys. 2017, 19, 6313-6329. [CrossRef] [PubMed]

Dinh, T.V,; Choi, L.Y;; Son, Y.S.; Kim, ].C. A review on non-dispersive infrared gas sensors: Improvement of sensor detection limit
and interference correction. Sens. Actuators B Chem. 2016, 231, 529-538. [CrossRef]

Thompson, J.E. Crowd-sourced air quality studies: A review of the literature & portable sensors. Trends Environ. Anal. Chem.
2016, 11, 23-34. [CrossRef]

Martin, R.V,; Parrish, D.D.; Ryerson, T.B.; Nicks, D.K., Jr.; Chance, K.; Kurosu, T.P.; Jacob, D.J.; Sturges, E.D.; Fried, A.; Wert, B.P.
Evaluation of GOME satellite measurements of tropospheric NO, and HCHO using regional data from aircraft campaigns in the
southeastern United States. . Geophys. Res. Atmos. 2004, 109. [CrossRef]

Ordéniez, C.; Richter, A.; Steinbacher, M.; Zellweger, C.; N8, H.; Burrows, J.P.; Prévot, A.S.H. Comparison of 7 years of
satellite-borne and ground-based tropospheric NO, measurements around Milan, Italy. J. Geophys. Res. Atmos. 2006, 111.
[CrossRef]

Zhang, Q.; Streets, D.G.; He, K.; Wang, Y.; Richter, A.; Burrows, J.P,; Uno, L; Jang, C.J.; Chen, D.; Yao, Z.; et al. NOx emission
trends for China, 1995-2004: The view from the ground and the view from space. J. Geophys. Res. Atmos. 2007, 112. [CrossRef]
Bucsela, EJ.; Perring, A.E.; Cohen, R.C.; Boersma, K.F.; Celarier, E.A.; Gleason, ].F.; Wenig, M.O.; Bertram, T.H.; Wooldridge, PJ.;
Dirksen, R.; et al. Comparison of tropospheric NO, from in situ aircraft measurements with near-real-time and standard product
data from OMI. ]. Geophys. Res. Atmos. 2008, 113. [CrossRef]

Lamsal, L.N.; Martin, R.V.; van Donkelaar, A.; Steinbacher, M.; Celarier, E.A.; Bucsela, E.; Dunlea, E.J.; Pinto, ].P. Ground-level
nitrogen dioxide concentrations inferred from the satellite-borne Ozone Monitoring Instrument. |. Geophys. Res. Atmos. 2008, 113.
[CrossRef]

Lamsal, L.N.; Martin, R.V.; van Donkelaar, A.; Celarier, E.A.; Bucsela, E.J.; Boersma, K.F.; Dirksen, R.; Luo, C.; Wang, Y. Indirect
validation of tropospheric nitrogen dioxide retrieved from the OMI satellite instrument: Insight into the seasonal variation of
nitrogen oxides at northern midlatitudes. J. Geophys. Res. Atmos. 2010, 115. [CrossRef]

Demetillo, M.A.G.; Navarro, A.; Knowles, K.K,; Fields, K.P,; Geddes, ].A.; Nowlan, C.R.; Janz, S.J.; Judd, L.M.; Al-Saadj, ]J.; Sun, K.;
et al. Observing Nitrogen Dioxide Air Pollution Inequality Using High-Spatial-Resolution Remote Sensing Measurements in
Houston, Texas. Environ. Sci. Technol. 2020, 54, 9882-9895. [CrossRef]

Omrani, H.; Omrani, B.; Parmentier, B.; Helbich, M. Spatio-temporal data on the air pollutant nitrogen dioxide derived from
Sentinel satellite for France. Data Brief 2020, 28, 105089. [CrossRef]

Sullivan, D.M.; Krupnick, A. Using Satellite Data to Fill the Gaps in the US Air Pollution Monitoring Network. Resources
for the Future Working Paper; 2018. Available online: https://media.rff.org/documents/RFF20WP-18-21_0.pdf (accessed on
3 February 2022).

Ryu, H.; Thompson, D.; Huang, Y.; Li, B,; Lei, Y. Electrochemical sensors for nitrogen species: A review. Sens. Actuators Rep. 2020,
2,100022. [CrossRef]

Ion-Selective Electrodes. 9 June 2020. Available online: https:/ /chem libretexts.org/@go/page /78061 (accessed on 3 February 2022).
Garland, N.T.; Mclamore, E.S.; Cavallaro, N.D.; Mendivelso-Perez, D.; Smith, E.A.; Jing, D.; Claussen, J.C. Flexible Laser-Induced
Graphene for Nitrogen Sensing in Soil. ACS Appl. Mater. Interfaces 2018, 10, 39124-39133. [CrossRef]

Yunus, Y.; Satriyo, P.; Munawar, A.A. Rapid Prediction of Soil Quality Indices Using Near Infrared Spectroscopy Rapid Prediction
of Soil Quality Indices Using Near Infrared Spectroscopy. IOP Conf. Ser. Earth Environ. Sci. 2021, 365, 012043. [CrossRef]
Sanderman, J.; Savage, K.; Dangal, S.R. Mid-infrared spectroscopy for prediction of soil health indicators in the United States.
Soil Sci. Soc. Am. ]. 2020, 84, 251-261. [CrossRef]

Seybold, C.A.; Ferguson, R.; Wysocki, D.; Bailey, S.; Anderson, J.; Nester, B.; Schoeneberger, P.; Wills, S.; Libohova, Z.; Hoover, D.;
et al. Application of Mid-Infrared Spectroscopy in Soil Survey. Soil Sci. Soc. Am. J. 2019, 83, 1746-1759. [CrossRef]

Reda, R; Saffaj, T.; Ilham, B.; Saidi, O.; Issam, K.; Brahim, L.; Hadrami, EM.E. A comparative study between a new method
and other machine learning algorithms for soil organic carbon and total nitrogen prediction using near infrared spectroscopy.
Chemom. Intell. Lab. Syst. 2019, 195, 103873. [CrossRef]

Nocita, M.; Stevens, A.; van Wesemael, B.; Aitkenhead, M.; Bachmann, M.; Barthes, B.; Dor, E.B.; Brown, D.].; Clairotte, M.; Csorba,
A_; etal. Soil Spectroscopy: An Alternative to Wet Chemistry for Soil Monitoring. Adv. Agron. 2015, 132, 139-159. [CrossRef]
Guo, Y,; Liu, C,; Ye, R;; Duan, Q. Advances on Water Quality Detection by UV-Vis Spectroscopy. Appl. Sci. 2020, 10, 6874.
[CrossRef]


http://dx.doi.org/10.1016/j.jallcom.2016.08.275
http://dx.doi.org/10.1016/j.sna.2019.02.027
http://dx.doi.org/10.3390/s17071653
http://dx.doi.org/10.1016/B978-0-08-096532-1.01303-0
http://dx.doi.org/10.1039/C6CP07799D
http://www.ncbi.nlm.nih.gov/pubmed/28198897
http://dx.doi.org/10.1016/j.snb.2016.03.040
http://dx.doi.org/10.1016/j.teac.2016.06.001
http://dx.doi.org/10.1029/2004JD004869
http://dx.doi.org/10.1029/2005JD006305
http://dx.doi.org/10.1029/2007JD008684
http://dx.doi.org/10.1029/2007JD008838
http://dx.doi.org/10.1029/2007JD009235
http://dx.doi.org/10.1029/2009JD013351
http://dx.doi.org/10.1021/acs.est.0c01864
http://dx.doi.org/10.1016/j.dib.2019.105089
https://media.rff.org/documents/RFF20WP-18-21_0.pdf
http://dx.doi.org/10.1016/j.snr.2020.100022
https://chem.libretexts.org/@go/page/78061
http://dx.doi.org/10.1021/acsami.8b10991
http://dx.doi.org/10.1088/1755-1315/365/1/012043
http://dx.doi.org/10.1002/saj2.20009
http://dx.doi.org/10.2136/sssaj2019.06.0205
http://dx.doi.org/10.1016/j.chemolab.2019.103873
http://dx.doi.org/10.1016/BS.AGRON.2015.02.002
http://dx.doi.org/10.3390/app10196874

Nitrogen 2022, 3 116

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Ramirez, P.B.; Calderén, EJ.; Haddix, M.; Lugato, E.; Cotrufo, M.E. Using Diffuse Reflectance Spectroscopy as a High Throughput
Method for Quantifying Soil C and N and Their Distribution in Particulate and Mineral-Associated Organic Matter Fractions.
Front. Environ. Sci. 2021, 9, 634472. [CrossRef]

Soriano-Disla, ].M.; Janik, L.J.; Rossel, R.A.V.; MacDonald, L.M.; McLaughlin, M.]. The performance of visible, near-, and
mid-infrared reflectance spectroscopy for prediction of soil physical, chemical, and biological properties. Appl. Spectrosc. Rev.
2014, 49, 139-186. [CrossRef]

Nie, P,; Dong, T.; He, Y.; Qu, F. Detection of Soil Nitrogen Using Near Infrared Sensors Based on Soil Pretreatment and Algorithms.
Sensors 2017, 17, 1102. [CrossRef]

Shao, Y,; Du, C; Zhou, ].; Ma, F; Zhu, Y.; Yang, K,; Tian, C. Quantitative analysis of different nitrogen isotope labelled nitrates in
paddy soil using mid-infrared attenuated total reflectance spectroscopy. Anal. Methods 2017, 9, 5388-5394. [CrossRef]
Borenstein, A.; Linker, R.; Shmulevich, I.; Shaviv, A. Determination of Soil Nitrate and Water Content Using Attenuated Total
Reflectance Spectroscopy. Am. Soc. Agric. Biol. Eng. 2006, 60, 1267-1272. [CrossRef]

Linker, R.; Shaviv, A. Nitrate Determination Using Anion Exchange Membrane and Mid-Infrared Spectroscopy. Appl. Spectrosc.
2006, 60, 1008-1012. [CrossRef]

Linker, R.; Shmulevich, I.; Kenny, A.; Shaviv, A. Soil identification and chemometrics for direct determination of nitrate in soils
using FTIR-ATR mid-infrared spectroscopy. Chemosphere 2005, 61, 652-658. [CrossRef]

Molins-Legua, C.; Meseguer-Lloret, S.; Moliner-Martinez, Y.; Campins-Falc6, P. A guide for selecting the most appropriate
method for ammonium determination in water analysis. TrAC Trends Anal. Chem. 2006, 25, 282-290. [CrossRef]

Wen, Y.; Mao, Y.; Kang, Z.; Luo, Q. Application of an ammonium ion-selective electrode for the real-time measurement of
ammonia nitrogen based on pH and temperature compensation. Measurement 2019, 137, 98-101. [CrossRef]

Ding, L.; Ding, J.; Ding, B.; Qin, W. Solid-contact Potentiometric Sensor for the Determination of Total Ammonia Nitrogen in
Seawater. Int. ]. Electrochem. Sci. 2017, 12, 3296-3308. [CrossRef]

Athavale, R.; Dinkel, C.; Wehrli, B.; Bakker, E.; Crespo, G.A.; Brand, A. Robust Solid-Contact Ion Selective Electrodes for
High-Resolution In Situ Measurements in Fresh Water Systems. Environ. Sci. Technol. Lett. 2017, 4, 286-291. [CrossRef]

Crespo, G.A. Recent Advances in Ion-selective membrane electrodes for in situ environmental water analysis. Electrochim. Acta
2017, 245, 1023-1034. [CrossRef]

Li, D.; Xu, X,; Li, Z.; Wang, T.; Wang, C. Detection methods of ammonia nitrogen in water: A review. TrAC Trends Anal. Chem.
2020, 127, 115890. [CrossRef]

Sekhar, PK.; Kysar, J.S. An Electrochemical Ammonia Sensor on Paper Substrate. J. Electrochem. Soc. 2017, 164, B113. [CrossRef]
Zhang, J.; Chen, W,; Fang, Y;; Jia, D.; Wang, Y.; Song, Y.; Zhang, C. A supra-cubane-like Mo/S/Cu cluster: Cation-directed
synthesis, crystal structure and nonlinear optical property. Polyhedron 2015, 101, 1-5. [CrossRef]

Nxumalo, N.L.; Madikizela, L.M.; Kruger, H.G.; Onwubu, S.C.; Mdluli, P.S. Development of a paper-based microfluidic device for
the quantification of ammonia in industrial wastewater. Water SA 2020, 46, 506-513. [CrossRef]

Phansi, P.; Sumantakul, S.; Wongpakdee, T.; Fukana, N.; Ratanawimarnwong, N.; Sitanurak, J.; Nacapricha, D. Membraneless
Gas-Separation Microfluidic Paper-Based Analytical Devices for Direct Quantitation of Volatile and Nonvolatile Compounds.
Am. Chem. Soc. 2016, 88, 8749-8756. [CrossRef] [PubMed]

Bao, X.Y,; Liu, S.; Song, W.G.; Gao, HW. Using a PC camera to determine the concentration of nitrite, ammonia nitrogen, sulfide,
phosphate, and copper in water. Anal. Methods 2018, 10, 2096-2101. [CrossRef]

Zhu, Y,; Chen, ]J.; Yuan, D.; Yang, Z; Shi, X,; Li, H.; Jin, H.; Ran, L. Development of analytical methods for ammonium
determination in seawater over the last two decades. TrAC Trends Anal. Chem. 2019, 119, 115627. [CrossRef]

Lin, K;; Zhu, Y.; Zhang, Y.; Lin, H. Determination of ammonia nitrogen in natural waters: Recent advances and applications.
Trends Environ. Anal. Chem. 2019, 24, €00073. [CrossRef]

Ma, J.; Li, P; Lin, K,; Chen, Z.; Chen, N.; Liao, K.; Yuan, D. Optimization of a salinity-interference-free indophenol method for the
determination of ammonium in natural waters using o-phenylphenol. Talanta 2017, 179, 608-614. [CrossRef]

Zhou, L.; Boyd, C.E. Comparison of Nessler, phenate, salicylate and ion selective electrode procedures for determination of total
ammonia nitrogen in aquaculture. Aquaculture 2015, 450, 187-193. [CrossRef]

Zhao, Y,; Shi, R;; Bian, X.; Zhou, C.; Zhao, Y.; Zhang, S.; Wu, F; Waterhouse, G.I,; Wu, L.Z,; Tung, C.H.; et al. Ammonia Detection
Methods in Photocatalytic and Electrocatalytic Experiments: How to Improve the Reliability of NHz Production Rates? Adv. Sci.
2019, 6, 1802109. [CrossRef] [PubMed]

Hu, H; Liang, Y.; Li, S.; Guo, Q.; Wu, C. A Modified o-Phthalaldehyde Fluorometric Analytical Method for Ultratrace Ammonium
in Natural Waters Using EDTA-NaOH as Buffer. |. Anal. Methods Chem. 2014, 2014, 728068. [CrossRef] [PubMed]

Liang, Y.; Pan, Y,; Guo, Q.; Hu, H.; Wu, C.; Zhang, Q. A novel analytical method for trace ammonium in freshwater and seawater
using 4-methoxyphthalaldehyde as fluorescent reagent. J. Anal. Methods Chem. 2015, 2015, 387207. [CrossRef] [PubMed]
Zhang, M.; Zhang, T.; Liang, Y.; Pan, Y. Toward sensitive determination of ammonium in field: A novel fluorescent probe,
4,5-dimethoxyphthalaldehyde along with a hand-held portable laser diode fluorometer. Sens. Actuators B Chem. 2018, 276,
356-361. [CrossRef]

Engel, L.; Benito-Altamirano, I.; Tarantik, K.R.; Pannek, C.; Dold, M.; Prades, J.D.; Wollenstein, J. Printed sensor labels for
colorimetric detection of ammonia, formaldehyde and hydrogen sulfide from the ambient air. Sens. Actuators B Chem. 2020,
330, 129281. [CrossRef]


http://dx.doi.org/10.3389/fenvs.2021.634472
http://dx.doi.org/10.1080/05704928.2013.811081
http://dx.doi.org/10.3390/s17051102
http://dx.doi.org/10.1039/C7AY01507K
http://dx.doi.org/10.1366/000370206778998969
http://dx.doi.org/10.1366/000370206778397399
http://dx.doi.org/10.1016/j.chemosphere.2005.03.034
http://dx.doi.org/10.1016/j.trac.2005.12.002
http://dx.doi.org/10.1016/j.measurement.2019.01.031
http://dx.doi.org/10.20964/2017.04.01
http://dx.doi.org/10.1021/acs.estlett.7b00130
http://dx.doi.org/10.1016/j.electacta.2017.05.159
http://dx.doi.org/10.1016/j.trac.2020.115890
http://dx.doi.org/10.1149/2.0941704jes
http://dx.doi.org/10.1016/j.poly.2015.07.044
http://dx.doi.org/10.17159/wsa/2020.v46.i3.8661
http://dx.doi.org/10.1021/acs.analchem.6b02103
http://www.ncbi.nlm.nih.gov/pubmed/27464645
http://dx.doi.org/10.1039/C8AY00312B
http://dx.doi.org/10.1016/j.trac.2019.115627
http://dx.doi.org/10.1016/j.teac.2019.e00073
http://dx.doi.org/10.1016/j.talanta.2017.11.069
http://dx.doi.org/10.1016/j.aquaculture.2015.07.022
http://dx.doi.org/10.1002/advs.201802109
http://www.ncbi.nlm.nih.gov/pubmed/31016117
http://dx.doi.org/10.1155/2014/728068
http://www.ncbi.nlm.nih.gov/pubmed/25436173
http://dx.doi.org/10.1155/2015/387207
http://www.ncbi.nlm.nih.gov/pubmed/26421211
http://dx.doi.org/10.1016/j.snb.2018.08.115
http://dx.doi.org/10.1016/j.snb.2020.129281

Nitrogen 2022, 3 117

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Segundo, R.A.; Mesquita, R.B.R.; Ferreira, M.T.5.0.B.; Teixeira, C.F.C.P; Bordalo, A.A.; Rangel, A.O.S.S. Development of a
sequential injection gas diffusion system for the determination of ammonium in transitional and coastal waters. Anal. Methods
2011, 3, 2049-2055. [CrossRef]

Sukaram, T.; Sirisakwisut, P; Sirirak, J.; Nacapricha, D.; Chaneam, S. Environmentally friendly method for determination of
ammonia nitrogen in fertilisers and wastewaters based on flow injection-spectrophotometric detection using natural reagent
from orchid flower. Int. ]. Environ. Anal. Chem. 2018, 98, 907-920. [CrossRef]

Peters, J.].; Almeida, M.1.G.; éraj, L.O.; McKelvie, I.D.; Kolev, S.D. Development of a micro-distillation microfluidic paper-based
analytical device as a screening tool for total ammonia monitoring in freshwaters. Anal. Chim. Acta 2019, 1079, 120-128. [CrossRef]
Khan, M.A.H.; Rao, M.V,; Li, Q. Recent Advances in Electrochemical Sensors for Detecting Toxic Gases: NOy, SO, and H»S.
Sensors 2019, 19, 905. [CrossRef]

Shao, L.; Chen, J.; Wang, K.; Mei, ].; Tan, T.; Wang, G.; Liu, K.; Gao, X. Highly precise measurement of atmospheric N20O and CO
using improved White cell and RF current perturbation. Sens. Actuators B Chem. 2022, 352, 130995. [CrossRef]

Monteiro-Silva, F; Jorge, P.A.S.; Martins, R.C. Optical Sensing of Nitrogen, Phosphorus and Potassium: A Spectrophotometrical
Approach toward Smart Nutrient Deployment. Chemosensors 2019, 7, 51. [CrossRef]

Sabri, N.; Aljunid, S.A.; Salim, M.S.; Ahmad, R.B.; Kamaruddin, R. Toward Optical Sensors: Review and Applications. J. Phys.
Conf. Ser. 2013, 423, 012064. [CrossRef]

Berger, K.; Verrelst, ].; Féret, ].B.; Wang, Z.; Wocher, M.; Strathmann, M.; Danner, M.; Mauser, W.; Hank, T. Crop nitrogen
monitoring: Recent progress and principal developments in the context of imaging spectroscopy missions. Remote Sens. Environ.
2020, 242, 111758. [CrossRef]

Fabbri, C.; Mancini, M.; dalla Marta, A.; Orlandini, S.; Napoli, M. Integrating satellite data with a Nitrogen Nutrition Curve for
precision top-dress fertilization of durum wheat. Eur. J. Agron. 2020, 120, 126148. [CrossRef]

Feng, W.; Guo, B.B.; Zhang, H.Y; He, L.; Zhang, Y.S.; Wang, Y.H.; Zhu, Y.J.; Guo, T.C. Remote estimation of above ground nitrogen
uptake during vegetative growth in winter wheat using hyperspectral red-edge ratio data. Field Crops Res. 2015, 180, 197-206.
[CrossRef]

Roodenko, K.; Hinojos, D.; Hodges, K.L.; Veyan, J.E; Chabal, Y.J.; Clark, K.; Katzir, A.; Robbins, D. Non-dispersive infrared
(NDIR) sensor for real-time nitrate monitoring in wastewater treatment. In Optical Fibers and Sensors for Medical Diagnostics and
Treatment Applications XIX; Gannot, L., Ed.; SPIE: Bellingham, WA USA, 2019; p. 15. [CrossRef]

Drozdowska, K.; Welearegay, T; Osterlund, L.; Smulko, J. Combined chemoresistive and in situ FTIR spectroscopy study of
nanoporous NiO films for light-activated nitrogen dioxide and acetone gas sensing. Sens. Actuators B Chem. 2021, 353, 131125.
[CrossRef]

Al-Jalal, A.; Al-Basheer, W.; Gasmi, K.; Romadhon, M.S. Measurement of low concentrations of NO2 gas by differential optical
absorption spectroscopy method. Measurement 2019, 146, 613-617. [CrossRef]


http://dx.doi.org/10.1039/c1ay05129f
http://dx.doi.org/10.1080/03067319.2018.1515356
http://dx.doi.org/10.1016/j.aca.2019.05.050
http://dx.doi.org/10.3390/s19040905
http://dx.doi.org/10.1016/j.snb.2021.130995
http://dx.doi.org/10.3390/chemosensors7040051
http://dx.doi.org/10.1088/1742-6596/423/1/012064
http://dx.doi.org/10.1016/j.rse.2020.111758
http://dx.doi.org/10.1016/j.eja.2020.126148
http://dx.doi.org/10.1016/j.fcr.2015.05.020
http://dx.doi.org/10.1117/12.2506550
http://dx.doi.org/10.1016/j.snb.2021.131125
http://dx.doi.org/10.1016/j.measurement.2019.07.022

	Introduction
	Species of Nitrogen in Nature
	Nitrogen Species Detection in Air
	Electrochemical Sensors for Nitrogen Species Detection in Air
	Optical Sensors for Nitrogen Species Detection in Air
	Non-Dispersive InfraRed (NDIR)
	Satellite Remote Sensing


	Nitrogen Species Detection in Soil
	Electrochemical Sensors for Nitrogen Species Detection in Soil
	Ion-Selective Electrodes
	Laser-Induced Graphene Sensor

	Optical Sensors for Nitrogen Species Detection in Soil
	Infrared Spectrum Analysis (IRS)
	Attenuated Total Reflectance Spectroscopy


	Nitrogen Species Detection in Water
	Electrochemical Sensors for Nitrogen Species Detection in Water
	Ion-Selective Electrodes
	Gas Sensing Electrodes

	Optical Sensors for Nitrogen Species Detection in Water
	Spectrophotometry
	Fluometry
	Gas Diffusion Colorimetry


	Discussion and Future Prospects
	Conclusions
	References

