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Abstract: The selective detection of different gas components will remain of huge importance in the
future, either in the ambient air or in flue gases, e.g., for controlling purposes of combustion processes.
The focus here is on the development of a highly selective ammonia sensor that will be exemplarily
used in the flue gas of biomass combustion plants with catalysts for nitrogen oxide reduction. Such
applications require a robust sensor design, in this case, based on a ceramic substrate. The gaseous
ammonia is detected with the help of a zeolite film, whose selective adsorption properties towards
ammonia are already intensively being used in the field of flue gas catalysis. The adsorption and
desorption of ammonia on the gas-sensitive zeolite film lead to changes in the dielectric properties
of the functional material. Using an interdigital electrode (IDE) structure below the zeolite film, the
capacitance was determined as a measure of the ammonia concentration in the gas. In this context,
the fabrication of all layers of the sensor in the thick film with subsequent laser patterning of the IDE
structure enables a cost-efficient and effective method. The functionality of this sensor principle was
extensively tested during measurements in the laboratory. A high and fast response to ammonia
was detected at different sensor temperatures. In addition, very low cross-sensitivities to other gas
components such as water (very low) and oxygen (zero) were found.

Keywords: selective catalytic reduction (SCR); exhaust gas aftertreatment; ammonia gas sensor;
H-ZSM5 zeolite; thick-film technology; impedance measurement

1. Introduction

In the context of the energy system transition and the associated increased use of
renewable energies, the wide range of applications for ammonia is becoming apparent [1].
Ammonia is available as a liquid energy carrier to ensure the safe transport of volatile
hydrogen [2,3]. Furthermore, ammonia is already used in the exhaust gas after-treatment
of many combustion processes, such as diesel-powered vehicles or power plants, as a
reducing agent for the selective catalytic reduction (SCR) of nitrogen oxide emissions
produced during combustion [4-6].

In order to avoid the unintentional release of ammonia into the environment, e.g., from
leaks within pipes, the use of appropriate sensors to detect gaseous ammonia is essential
and will also be required by legislation in the future [7,8]. The Euro 7 standard for vehicles
dictates a new emission limit of 10 mg/km for ammonia as of 2025 [9]. However, suitable
sensors for ammonia detection are rarely available for applications in high-temperature
processes [10].

The sensor shown in this work is to be applied to biomass boilers. Since the use of
wood as a renewable energy source is also widely discussed, there are major efforts to
promote the thermal utilization of biogenic residuals and waste materials, such as straw or
other agricultural residues. The share of biomass in the total amount of energy in Germany
was 17% in 2022, whereby the use of biogenic residues is still very low despite its high
potential [11,12].
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However, the high amount of nitrogen (compared to fossil fuels) bound in biogenic
fuels creates high nitrogen oxide emissions during combustion [13,14]. These emissions
will be more limited in the future, and suitable systems for reducing NOx will therefore
be needed [15]. For this purpose, catalysts for selective catalytic reduction, which reduce
nitrogen oxide emissions with the use of additional ammonia dosing according to the
following reaction equations, will be increasingly used [16,17].

4NHj; + 4NO + O, — 4N, + 6H,O 1)

ANHj; + 2NO + 2NO, — 4N, + 6H,0 @)

Usually, ammonia is used in the form of a liquid urea-water solution (AdBlue, DEF) [18].
In order to determine the correct amount of ammonia or AdBlue for NOy conversion,
appropriate sensors are envisaged. In vehicles, a NOy sensor is used for this purpose,
which has a cross-sensitivity to ammonia. Based on several models, the signal from the
sensor is used to control the NHj3 dosage [19]. On the other hand, for use in individually
manufactured flue gas systems, a highly selective ammonia sensor is to be developed
to avoid overdosing and the associated ammonia slip while maintaining a high NOx
conversion rate at the same time.

Apart from the application in flue gas, some research projects have already focused on
the development of various ammonia sensors for a wide range of different sectors, such as
medical, environmental, or chemical analysis [20,21]. The most common ones are semicon-
ducting metal oxide (MOX) gas sensors, mostly based on SnO,. Here, different catalytically
active substances, such as platinum, palladium, or TiO,, are added, depending on the gas
component to be determined [22,23]. Due to their high level of development and simple
design, sensors of this type can be produced comparatively cheaply, but disadvantageously,
their selectivity is low and their long-term stability is not sufficient [24].

In addition to other variants for ammonia detection, such as sensors based on carbon
nanotubes (CNT) or surface acoustic waves (SAW), optical measurement methods in
particular show high selectivity with respect to the gas component to be determined [25-27].
However, the low detection limit of concentrations in the ppm range results in high
acquisition costs and a high space requirement for such analytical devices [20].

The common factor among the examples mentioned so far is that they are not suitable
for applications in high-temperature processes with aggressive flue gas components [28].
For such purposes, sensors based on electrochemical principles on alumina or YSZ sub-
strates have proven to be particularly robust. For ammonia sensors, functional materials
are often used, known for their application as SCR catalysts. Accordingly, these materials
are widely available and also demonstrate good long-term stability. The basic principle of
these materials is based on the reaction of the alkaline ammonia with the acid centers of the
catalyst material, which can also be used as a sensor effect [29]. There, a voltage is measured
between two electrodes that are applied on YSZ. One of these electrodes is covered with a
catalytically active layer, often V,05-WO3/TiO, (VWT), and thus different reactions take
place depending on the exhaust gas composition [30-33]. A sensor working according
to this principle is installed in some diesel engine exhaust gas systems for ammonia slip
detection [34].

As an alternative, investigations were carried out several years ago in which the
electrical properties of a zeolite film were measured using an interdigital electrode struc-
ture [35-37]. Zeolites are microporous aluminosilicates composed of 5iO4 and AlO; tetra-
hedra [38-40]. Besides their natural appearance, zeolites are often produced synthetically.
This requires reactive aluminum and silicon compounds, which form the zeolite under
appropriate temperature and pressure [41]. The difference in the oxidation state between
aluminum and silicon has to be compensated with the help of a cation or proton [42]. The
ratio of Si and Al atoms is called modulus and always has values larger than one according
to the Lowenstein rule [42]. This results in a huge number of different zeolite types, which
can be further distinguished by the ring-like arrangement of the Si and Al tetrahedra [38].
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Depending on the size of the rings, porous structures are formed into which molecules of
different sizes can enter and be adsorbed.

For this reason, zeolites are often used in catalysis as an alternative catalyst to VWT
to store ammonia and make it available for the SCR reactions (1) and (2) [43]. Among
others, the zeolite modulus influences the maximum amount of ammonia that can be stored.
Accordingly, this material is also suitable as a gas sensor to determine its gas-dependent
properties and thus the ammonia concentration in the exhaust gas by means of a simple
impedance or capacitance measurement [36]. In addition to their application as ammonia
sensors, zeolites of various structures and compositions have already been successfully
used to detect different exhaust gas components, such as hydrocarbons or hydrogen [44-48].
There were also successful investigations where zeolite SCR catalysts were simultaneously
used as a sensor element during operation. Using a high-frequency method, the dielectric
properties of the catalyst could be determined contactless and correlated to the ammonia
loading [49,50].

In the context of this work, an ammonia gas sensor based on a zeolite film for applica-
tions in the flue gas of biomass firing with SCR systems is to be considered in more detail.
The basic principle of a ceramic high-temperature sensor with an integrated heater structure
and gas-sensitive zeolite film, whose properties (e.g., impedance) are measured with an IDE
structure, has already been described in the literature [36,51]. A common factor for many
sensors for high-temperature processes is the sensor signal drift, which may be caused, for
example, by temperature variations of the exhaust gas or by changes in the properties of
the functional layer due to aggressive flue gas components [28]. Further developments in
the design of the heater structure through previous simulations or in the manufacturing
methods of sensor elements, e.g., the laser patterning of screen-printed layers, make the
sensors more robust in terms of various influences. The higher resolution due to laser
patterning increases the signal height, and the capacitive evaluation is much less expensive
compared to an evaluation based on the complex impedance. By manufacturing the IDE
structure with thick-film technology with subsequent laser patterning, aspects such as
production costs and long-term stability of the sensor were optimized in comparison to
the thin-film IDEs of earlier works. A zeolite material with a lower module was used to
increase the sensor response, and a capacitive measurement was used to further increase
the simplicity of evaluation. Capacitive sensor methods are well known and widely ap-
plied, especially in the field of microelectromechanical systems (MEMS), where even small
capacitance changes must be precisely detected [52]. With the help of this optimized sensor
concept, the response to gaseous ammonia and different influences (such as temperature
and cross-sensitivities to H,O and O,) on the sensor behavior were investigated and found
to be suitable for flue gas applications.

The sensor is intended to be used for applications in a wide variety of biomass firing
systems operated with biogenic residues. In particular, applications in biogas plants for
power generation and pellet boilers for hot water supply are envisaged. Such plants will
be affected in the future by legal regulations on flue gas emissions. Here, the functionality
of SCR systems in the exhaust gas has to be ensured during operation in order to avoid
overdosing on the urea-water solution that serves as a reducing agent and to counteract an
ammonia slip. This will effectively reduce nitrogen oxide emissions.

2. Structure and Operating Principle of the Sensor

The detection of ammonia in the special case of biomass combustion poses a particular
challenge and will be described in more detail below.

2.1. General Sensor Setup

For applications in biomass boilers, the sensor must permanently withstand changing
conditions in the exhaust gas temperature and particularly various gas components, such
as HyO and O, [53,54]. Especially sensors based on a ceramic substrate have proven to be
robust in this case of application [55]. To ensure the simple and cost-effective manufacture of
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the sensors, all layers were applied to a planar substrate using thick-film technology [56,57].
The schematic structure of the sensor is shown as an example in Figure 1.

gas sensitive IDE structure
zeolite film — —> "~ ,/

\\\ cera?ic substrate

heater structure

“\insulation layer

Figure 1. Schematic structure of the planar ammonia sensor on a ceramic substrate with heater, IDE
structure, and zeolite film.

The reverse side of the sensor substrate comprises a printed platinum heater structure
(Heraeus LPA88-11S). During the measurements, the sensor was heated to the desired
operating temperature via its meander-shaped structure. The operating temperature was
controlled via a four-wire resistance measurement of the heater, which considers the area
of the gas-sensitive layer [58]. The temperature was then calculated and controlled via a
resistance-dependent temperature characteristic [59]. In order to avoid the catalytic effects
of the platinum heater structure and thus an unwanted conversion of ammonia, it was
covered with an additional insulation layer (DuPont QM42).

Interdigital electrodes (IDE) were implemented on the front side, which will be used
to measure the electrical properties of the zeolite film on top [36,60,61]. Due to the generally
low conductivity of zeolites, it is necessary to provide as many finger pairs as possible.
This results in a parallel connection of many resistors or capacitors, which leads to a better
measurable sensor effect [62,63]. Typically, IDE structures with a resolution below 50 pm are
manufactured using thin-film technology, which, however, usually shows poor long-term
stability in the case of high-temperature applications [64]. In addition, for cost reasons,
production using thick-film technology should be considered. The usual line widths or
line spacings of IDE structures that can be produced by screen-printing are in the range
of 100 um [65]. Due to the large area required for about 75 finger pairs, the decision was
made to create the fingers by laser patterning, since a significant resolution improvement
of down to 20 pm is possible. This method is used intensively for trimming resistance
temperature sensors, for example, and is therefore also suitable here [66,67].

In the first step, a gold solid area with conducting lines (DuPont 5744R) was screen-
printed and fired at 850 °C (Figure 2a). Further, the IDE form was structured using
Protolaser R4 (LPKF, Germany) with picosecond-fast laser pulses. Due to very short pulses,
laser ablation occurs with practically no heat input. Thus, the targeted material evaporates
immediately without deterioration of the alumina substrate. Using this method, a wide
variety of structures is possible with a minimum line/space resolution of down to 20 um
(Figure 2b). The capacitance of such an IDE structure without a zeolite was about 45 pF.
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Figure 2. Front side of the sensor after different processing steps: (a) Gold solid surface after screen
printing step; (b) IDE structure (20/20 pm) after laser patterning; (c) Completed sensor with printed
zeolite film (H-ZSM5, modulus 27); (d) Micrograph of the porous zeolite film.

2.2. Gas-Sensitive Zeolite Film

For the here-used ZSM5 zeolite, a microporous structure is formed based on a 10-ring
arrangement of the Si and Al tetrahedra. This results in pore sizes in the range of about
0.58 nm, which allows the intrusion of not only H,O but also NH3; molecules into the
zeolite. By different mechanisms, these solvate molecules are bound to the zeolite [68-70].

Due to these characteristics, ZSM5 zeolites are often used in applications for the
reduction of nitrogen oxides. The SCR activity of the zeolite plays a decisive role. It is
influenced by not only the modulus of the zeolite but also the properties of the charge-
balancing ions. Fe and Cu zeolites exhibit high SCR activity, but this is less suitable for
gas sensing purposes since the stored ammonia would react with nitrogen oxides in the
exhaust gas and would therefore not be detected by the sensor [43,71,72].

For this reason, a proton-balanced ZSM5 zeolite (H-form) was used as the gas-sensitive
film for the sensor, which has low SCR activity. Furthermore, the temperature is important.
While permanent storage of the ammonia molecules is desired for use as a catalyst, the
sensor principle is based on an equilibrium between the adsorption and desorption of the
solvate molecules. This effect can be controlled by the operating temperature. In general,
the binding of the molecules affects the electrical and dielectric properties of the material,
which are subsequently used as a measure of the ammonia concentration in the exhaust
gas [73].

A zeolite with a modulus of 27 (ALSI-Penta Zeolithe GmbH) was processed into a
paste suitable for screen printing. Using a zeolite with such a low modulus improves the
sensitivity to ammonia [36]. Due to the high proportion of Al tetrahedra in the zeolite,
a high number of acid centers are formed, where more ammonia molecules can adsorb
compared to zeolites with a high modulus [49]. The high number of adsorption sites of
zeolites with a low modulus, therefore, leads to a high output signal from the sensor. The
zeolite paste is then applied to the sensor substrate (Figure 2c). After screen-printing, the
zeolite layers were dried at 120 °C for 15 min and then fired in the air. The heating and
cooling rates were about 30 K/min with a holding time of 20 min at a firing temperature of
850 °C. Due to the coating in a screen-printing process, a porous layer is created (Figure 2d),
which allows rapid gas diffusion to the surface of the zeolite and thus a good response time
for the sensor. The layer thickness of the zeolite film was approx. 35 um. In a previous series
of measurements, the highest ammonia sensitivity was observed with layer thicknesses in
the range between 20 and 40 pm. Therefore, 35 um was selected.
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3. Experiments
3.1. Measurement Setup

The characterization of the sensors was carried out on a test bench for synthetic exhaust
gases. It is briefly outlined below (Figure 3).

FTIR
spectrometer

1 "I)‘ 3 P
r‘ ‘
W <

Figure 3. Schematic drawing of the sensor test bench in the laboratory for sensor characterization

with downstream FTIR spectrometer.

Several Mass Flow Controllers (MFC) allowed the dosing of different gas components
(N2, Oy, CO,, NH3, etc.) through a measuring chamber. For all subsequent measurements,
the total volume flow was set to 6 L/min. A minimum ammonia concentration of approx.
12 ppm was possible. All gas lines, including the measuring chamber, were heated to
approx. 120 °C, as ammonia interacts (adsorps) with the cold walls of the pipes [74]. Due
to the adsorption and desorption processes on the surfaces of the pipes and the measuring
chamber, there are temporal changes in the expected ammonia concentration [75]. Therefore,
an FTIR spectrometer (MKS MultiGas 2030 FTIR Analyzer) was installed downstream of
the chamber to measure the course of the ammonia concentration in proximity to the
sensor. In addition to ammonia, other common gas components that could also be found in
typical exhausts were dosed, including oxygen (4-18%), carbon dioxide (3%), and water
(1-10 vol.%), with nitrogen serving as a balance.

A measuring device for electrochemical analysis (PalmSens 4) measured the electrical
impedance of the zeolite film on the sensor (real and imaginary parts of the impedance Z'
and Z", or magnitude Z and phase angle ¢). So, changes in the dielectric properties of the
zeolite film that depend on the composition of the gas atmosphere can be determined in the
form of frequency-dependent impedance [76]. The power supply for the heater structure
of the sensor was provided by a digital four-wire control (heater voltage and current Uy
and Iy).

3.2. Characterization of First Sensors

After the first set of self-heated sensors was fabricated, the sensors were initially
analyzed by impedance spectroscopy. A frequency sweep was performed between 1 Hz and
1 MHz at an RMS voltage value of 250 mV. The Nyquist plot of a sensor with a 20/20 um
IDE structure at a temperature of 440 °C is shown at different ammonia concentrations
(0-240 ppm) in Figure 4.



Chemosensors 2023, 11,413

7 of 18

T T T T T
15+ {0g -
-6
9 xo "o xo o O/ j)fe
= Q@ o . +D o o x % °
2 1 ~ o + * " + o x ° —
=~ \73861 _'? g ¢ ¥ & 3 o . o x 0 o
N g0 e *, 8o xS 0 ppm
' o:?;.:% ¢ e, 9 *x, 9000000000
05+ ¥ LN *+, Jogg b b L LY P—
3 <><><><><> Fhesgq oy 00000g pm PP
96 ppm
240 ppm
0 1 1 1 1 1 1 1 ] |
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Z' IMQ

Figure 4. Nyquist plot of a sensor (IDE: 20/20 pum) at different ammonia concentrations (0-240 ppm)
at a sensor temperature of 440 °C. Base gas concentrations: 5 vol.% H,O, 3% CO,, 10% O, in Nj.

Basically, the Nyquist diagram shows the typical behavior of a parallel R| | C element.
The high resistance is due to the poor ionic conductivity of the zeolites. In the case of the H-
ZSM5 zeolite used, the ionic conductivity results from the movement or rearrangement of
the protons present for charge balance. In a gas flow without ammonia, the so-called proton
hopping occurs primarily at the zeolite. In this condition, the protons move along the acid
centers of the zeolite. Besides the dependence on temperature due to thermally activated
proton hopping, the proton conductivity can also be increased by reducing the modulus of
the zeolite. The lower the modulus, the more acidic centers are located at a smaller distance
from each other. This, in turn, increases the probability of proton hopping [77].

A beginning of a “tail”, which may be related to a diffusion-controlled process in
conjunction with blocking electrodes, can be seen at very low measurement frequencies f
below 10 Hz.

At higher frequencies (>>1 kHz), however, the sensor behaves similarly to a capacitor.
The phase angle is almost —90° and the magnitude of the impedance is only in the range of
a few kiloohms since Z is proportional to (w-C)~!.

Due to the adsorption of ammonia at the centers of the zeolite, various conduc-
tivity mechanisms can be found, which have already been described in detail in the
literature [71,77,78]. This results, e.g., in conductive paths in which protons can move
or in an oscillation of the ammonia molecular chains due to the changing electric field
caused by the applied AC voltage. This affects both the electrical and dielectric properties
of the zeolite film.

For application in the real exhaust gas, the permanent measurement of a complete
impedance spectrum is not necessary. For this reason, impedances were measured only at
one single frequency, also to improve the timely resolution.

As mentioned before, the adsorption and desorption of the analyte molecules (NH3)
change the permittivity and resistivity of the zeolite film. Due to the blocking electrode
effect at low frequencies, in conjunction with the high impedances in the megaohm region,
a capacitive measurement at high frequencies (>100 kHz) is preferred. The charge balance,
in this case between protons, results in ionic conductivity. The measurement at high
frequencies leads to the fact that there is only a reorientation of the protons within the zeolite.
The adsorption of solvate molecules additionally leads to a rotation and reorientation of
the different molecules (NH3, H,O). This, in turn, influences the dielectric properties of
the material [49]. For this reason, instead of the electrical resistance R, the capacitance C is
determined below as a measure of the ammonia concentration. The relationship between
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the measured impedance Z, the measured phase angle ¢, and the capacitance C can be
described by Equation (3) in the case of a parallel R| | C element [79]:

_ sin(—¢)
€= amf17 ©)

In view of the increasing inductive influences of the electrical leads (Z ~ w-L) that
begin to become noticeable just below 1 MHz, a frequency of f = 700 kHz was selected
as the measuring frequency with a constant RMS voltage value of 250 mV. In addition,
the connection wires to the sensor, depending on their positioning, also contribute to the
measured capacitance value with a small amount (about 1-2 pF), which must be considered
in the evaluation. An exemplary measurement of a sensor at 440 °C under varying ammonia
concentrations between 0 and 240 ppm can be seen in Figure 5.

T T T

@)

75 sensor

250

(b)
200

cyy /PPm
Z

100
50
0 |
0 10 20 30 40 50 60 70
t/ min

Figure 5. (a) Sensor capacitance calculated on the basis of the impedance (using Equation (3) and
f =700 kHz) during stepwise increasing ammonia concentrations (0-240 ppm); (b) dosing signal
from the MFCs in the sensor test bench (black) and NHj3 concentration as measured using the FTIR
spectrometer (green). Sensor operating temperature Ty = 440 °C. Base gas concentrations: 2 vol.%
H,0, 3% CO;y, 10% O in Np.

The sensor operated at 440 °C responded quickly to ammonia concentration changes
(see Figure 5a in comparison with the FTIR data in Figure 5b). The sensor reached stable
capacitance values and returned to its initial value after the ammonia dosing ended. In
the shown measurement, a higher signal response appeared at low ammonia concentra-
tions. The relationship between the ammonia concentration and the sensor capacitance is
illustrated in Figure 6 (calibration curve).
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Figure 6. Sensor calibration curve calculated on the basis of the steady state impedance values
(T =440 °C, f = 700 kHz) underdosing of increasing ammonia concentrations (0—240 ppm), mea-
sured using the FTIR spectrometer.

The ammonia-dependent capacitance curve in Figure 6 reminds a classical adsorption
isotherm. In theory, the sorbed NH3 mass of the zeolite depends on the partial pressure
and, thus, on the concentration of the solvate molecule present in the gas. There is much
debate in the literature about the exact sorption mechanism for zeolites. The Langmuir
isotherm is often mentioned as the simplest and most widely accepted theory, in which the
NH3 loading continues to increase with increasing adsorbent concentration (in this case,
ammonia) but approaches a maximum value that cannot be exceeded [80,81].

However, this relationship does not exactly apply to this type of zeolite. The descrip-
tion of the Freundlich isotherms includes, similar to that of the Langmuir isotherms, that
with a stronger loading of the material, fewer molecules can adsorb on the surface, but a
maximum value of the loading is not reached immediately. This shows a dependence on the
partial pressure of the adsorbent in the form of a power function. Sorption measurements
on various zeolite-based SCR catalysts proved this relationship [50,81-83].

Accordingly, the sensor can also detect higher ammonia concentrations, but with
significantly reduced sensitivity. For use as an ammonia slip sensor, however, high sensitiv-
ity at low concentrations (<100 ppm) is advantageous, which corresponds to the results
presented here. Nevertheless, higher ammonia concentrations up to approx. 240 ppm can
also be investigated in measurements in order to test the possible use upstream of the SCR
catalyst to measure the amount of dosed ammonia.

As already mentioned, despite dosing ammonia stepwise, in the sensor chamber, a
delayed ammonia concentration increase can be seen (see Figure 5b) due to adsorption
and desorption processes at the pipes of the test bench. This is in contrast to other “non-
sticky” gas components, such as CO, or H,O (see Figure 7 at 72 min). This fact can be
noticed mainly at small concentrations at the beginning (8-18 min) and at the end of the
measurement (53-70 min).
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Figure 7. Comparison of the time courses of the determined ammonia concentration based on the
sensor calibration from Figure 6 and the concentration measured by FTIR spectroscopy.

For a better interpretation of the sensor response time, the measured sensor signal
(capacitance, Figure 5a) was processed into concentration data on the basis of the calibration
curve (Figure 6). The comparison between the sensor-derived and the FTIR-derived
ammonia concentrations is shown in Figure 7.

The comparison of the two curves here shows a good agreement between the ammonia
concentration measured with the sensor and using FTIR spectroscopy. It can be seen in
the plot (at 10 min and 52 min) that the sensor reacted earlier to changes in the ammonia
concentration because the piping between the sensor and the FTIR spectrometer blurs the
ammonia concentration profile. This also confirms the slightly “lagging” behavior of am-
monia in the gas dosing system. Furthermore, the data show that even low concentrations
(<10 ppm) could be detected with the sensor.

The fast response time of the sensor in this case can be attributed to the (relatively)
high operating temperature of 440 °C. As a result, the adsorption and desorption of
ammonia on the zeolite film occur quickly, which means that no permanent ammonia
storage can be observed at this high temperature. However, further influences on the
operating temperature of the sensor are to be specified in the next section.

3.3. Further Sensor Characterization
3.3.1. Influence of the Sensor Temperature

The operating temperature of the sensor influences several factors in the measurement,
such as sensitivity, measuring range, and response time. For the data shown in Figures 5-7,
the sensor was operated at 440 °C. The influence of the operating temperature is now
shown in Figure 8. A sensor was repeatedly operated at temperatures from 400 °C to 500 °C
in 20 °C steps while varying the ammonia concentration from 0 to 240 ppm (same ammonia
steps as in Figure 5).
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Figure 8. (a) Time curve for the influence of the sensor temperature on the capacitance at 400, 440,
and 480 °C; (b) Change in capacitance relative to the value at 0 ppm NHj in dependency of the
ammonia concentration for different sensor temperatures. Base gas concentrations: 2 vol.% HO,
3% COy, 10% O, in Ny.

In general, two effects can be observed with increased sensor temperature. In Figure 8a,
only three of the six measured temperature levels are shown for clarity. It can be seen that
the base capacitance of the sensor (0 ppm NHj3, 0-6 min) increases with temperature. This
effect can be attributed to the thermally activated mobility of the protons, which directly
yields a higher capacitance of the sensor [73,78].

In contrast, the sensitivity of the sensor to ammonia decreases significantly with
increasing temperature. For this purpose, Figure 8b shows the change in capacitance
(i.e., the base capacitance at 0 ppm has been subtracted) for different ammonia concentra-
tions. The sensitivity (the slope) decreased with low temperature mainly at low ammonia
concentrations. This effect results from the fact that the equilibrium between adsorption
and desorption shifts to the desorption side with increasing sensor temperature, which
means that less ammonia is adsorbed on the zeolite at higher temperatures [73].

The decreased ammonia sensitivity with increasing sensor temperature explains the
faster return to the baseline after ammonia dosing (see Figure 8a at 52 min) during the
measurements at higher temperatures. Due to the lagging behavior of ammonia in the gas
dosing system, as mentioned above, low concentrations (<5 ppm) remain in the gas stream
even after the dosing has ended. In the measurements with lower sensor temperatures, this
behavior can be detected due to the improved sensitivity at low concentrations. Accordingly,
lower operating temperatures (approx. 400 °C) should be aimed for use as an ammonia slip
sensor downstream of the SCR catalyst. Lower operating temperatures would be possible
but are not recommended due to the potential deposition of soot particles on the sensor
surface or housing during operation in flue gas exhaust.

Furthermore, during the operation of the sensor in flue gas with changing flow condi-
tions, temperature fluctuations can occur in the gas-sensitive zeolite film. An error in the
temperature of the sensor of about 20 °C leads to a maximum error in the determination of
the ammonia concentration of about 5 ppm in the lower concentration range (<50 ppm) and
an error of max. 40 ppm at 240 ppm NHj. This is due to the high change in sensitivity with
the temperature at low concentrations. The sensor response and recovery time, on the other
hand, are hardly affected by the change in the sensor operation temperature. We assume
that the sensor response and recovery times are ruled by the test bench rather than by
physicochemical effects, meaning that the sensor is much faster than Figures 5-8 indicate.
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3.3.2. Cross-Sensitivity Measurements

Exhaust gases from biomass combustion contain different components that may also
influence the properties of the gas-sensitive zeolite film. Due to the high water content of
biogenic fuels, such as wood or straw, compared to fossil fuels, significantly higher water
concentrations occur in the flue gas. Depending on the load condition and fuel, the water
content can increase to more than 10 vol.% [84,85]. Accordingly, the influence of water
on the zeolite film was analyzed. Zeolites are not only used as ammonia storage for SCR
applications but are also often used as dehumidifiers for technical plants [86,87]. Thus, a
certain water dependence of the signal could have been expected. A series of measurements
with the variation of the absolute water content from 1 to 10 vol.% is shown in Figure 9.
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Figure 9. Measurement series to investigate the influence of water (1-10 vol.% H,O) on the baseline
and for different ammonia concentrations 0-240 ppm) at Ty = 440 °C. Base gas concentrations:
3% CO2, 10% 02 in N2.

Figure 9 shows that the sensor capacitance increased with the water content in the
exhaust. Similar to ammonia, water can be adsorbed on the zeolite. This influences the
permittivity and thus the capacitance of the gas-sensitive zeolite film. However, unlike
ammonia, water is only electrostatically bound to the centers of the zeolite or the ammonia
chains [51,88]. As a result, the binding strength and therefore the influence of water
compared to ammonia is significantly reduced. This is shown by the fact that a change
of 5 vol.% water corresponds to an apparent sensor response of approx. 20 ppm NHs.
With respect to the output signal, the characteristic curve of the sensor shifted due to the
increasing water content to higher capacitance values almost independently of the ammonia
concentration. Accordingly, the sensitivity to ammonia remained at a similar level.

The effect of oxygen is also of major importance. The water and oxygen concentrations
in the flue gas of combustion processes basically behave in opposite directions. The less
fuel being burned at any given time, the less oxygen is required, thus approaching the
ratio in the ambient air of approx. 21%. Accordingly, water is produced in small quantities
during combustion. However, if effective combustion takes place in which a high mass of
fuel is converted, high amounts of oxygen are required, leading to the formation of high
water contents and low residual oxygen concentrations [89].

In conclusion, the influence of different oxygen concentrations was investigated in a
further series of measurements. For this purpose, the previous measurement (see Figure 9)
was repeated, varying the oxygen contents from 4 to 18%. This series of measurements is
shown in Figure 10.
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Figure 10. Measurement series to investigate the influence of the oxygen concentration in the exhaust
gas (4-18%) at Ty = 440 °C. Base gas concentrations: 5 vol.% HyO, 3% CO; in Nj.

Figure 10 clearly indicates that almost no cross-sensitivity to oxygen occurred, i.e., the
capacitance remained constant under varying oxygen concentrations but depended on the
ammonia concentration. This can be attributed to the fact that the proton-exchanged ZSM-5
zeolite has no centers where oxygen can sorb, which is in stark contrast to water, especially
at these temperatures [51]. Therefore, during combustion, only the influence of water can
be seen in the sensor response.

In order to investigate this effect more precisely, a measurement with simultaneous
variation of the water and oxygen content was carried out in the next step. Depending
on the firing system and the fuel used, the concentrations of the two components can be
in a wide range. In this series of measurements shown below, a calibration curve was
determined for 5 vol.% H,O and 10% O so that it could be transferred to two other oxygen
and water combinations (8 vol.% H,O and 6% O, or 3 vol.% H,O and 18% O,). The
corresponding concentration curves for the three combinations can be seen in Figure 11.
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Figure 11. Comparison of concentrations measured by FTIR spectrometer and sensor at Ty = 440 °C.
Base gas concentrations: 3% CO; in Nj.
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Identical to the measurements shown in Figures 5-7, a calibration curve of the sensor
was determined and used to convert the sensor capacitance values to ammonia concen-
trations. Using the steady-state values, a comparison of the measured FTIR and sensor
concentrations can be made, and the deviation depending on the gas composition can
be determined.

Due to the calibration at 5 vol.% H,O and 10% O,, the calibration curve is naturally on
the bisector, i.e., the data of the sensor agree with those of the FTIR spectrometer. For the
other two combinations, in accordance with the results from the previous chapter, only the
influence of water can be seen. As described above, oxygen molecules cannot get sorbed at
the centers of the zeolite, which is in stark contrast to water molecules. This results in an
oxygen-independent signal. Considering the results from Figure 9, an increase in water
content in the gas leads to an increase in sensor capacitance. Therefore, if the water content
is lower than the calibration, the ammonia concentration is underestimated, and if it is
higher, it is overestimated. Hence, a small correction is required, which, however, can easily
be derived from the firing conditions of the biomass.

Furthermore, it can be seen that the error increases further with increasing ammonia
concentration. This is due to the general characteristic curve of the sensor and the influence
of varying water contents. Due to the almost constant relationship between the capacitance
and the water content, the measured error is minimized in areas with high ammonia
sensitivity. Thus, in absolute terms, in areas of low ammonia concentration, the change
in capacitance due to ammonia is significantly higher than the change due to changes
in water content. On the other hand, the error increases significantly at high ammonia
concentrations, with correspondingly reduced sensitivity.

Depending on the application, however, no great change in water content takes
place, since, for example, biogas cogeneration plants are usually operated at constant load
conditions. In order to minimize the error due to the water content, if necessary, the data
of a simultaneously operated lambda probe can be used as a secondary signal. Lambda
probes or NOx sensors that measure the oxygen content are already being used in biomass
firing systems, in which an SCR system is used. With the help of these, the influence of
water from the ammonia sensor can be corrected.

4. Conclusions and Outlook

The detection of gaseous ammonia in the flue gas of combustion processes represents
a particular challenge to the robustness of a sensor element. In the past, research has been
carried out on the development of ceramic sensors with high-temperature stability [51].
In this context, the adsorption properties of ZSM5 zeolites towards ammonia were used
as a sensor effect and characterized, e.g., in the form of layer resistance [36]. By applying
different layers with the widespread process of screen printing and optimizing it by laser
patterning of the IDE surface, a cost-effective and efficient way of sensor fabrication could
be realized in this work. This in turn also ensures a robust design with a stable sensor signal.
Further development of the heater structure on the reverse side of the sensor will also
contribute to this since it enables uniform temperature homogeneity within the zeolite film.
The determination of the electrical properties of the zeolite film by impedance spectroscopy
in the first step showed a clear correlation to the ammonia concentration in the gas volume.
The transition to a capacitance measurement at a single excitation frequency (>100 kHz)
simplified the measurement procedure, which also improved the temporal resolution.

Further laboratory measurements shown here revealed a high sensitivity of the sensor
to ammonia and a rapid response to changes in concentration. In addition, the influence
of the sensor temperature was investigated. The low influence of water and oxygen on
the sensor signal is impressive. An oxygen dependence could not even be determined in a
typical range for flue gas application in biomass firing.

Future works aim to investigate other influences on sensor behavior. Since the flue
gas from biomass firing contains other aggressive components in addition to the usual
gas components of automobile exhausts, such as SO, or HCl [53], a further series of
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measurements on this topic will be carried out in the future. For use in the real exhaust gas
of biomass combustion, the sensors will also be installed in a housing that is intended to
minimize the influence of the gas flow and prevent the deposition of soot and ash particles
on the sensor surface [59]. With such devices, long-term measurements have to be carried
out. The development of appropriate electronics for simultaneous control of the heater
temperature and measurement of the sensor capacitance is also important. Here, integrated
hot-plate setups may be of interest, for instance, as shown in [90].

In combination with these developments in the sensor periphery, SCR systems for
biomass combustion are to be equipped in the future with such a measuring unit. Upcoming
investigations will also be carried out on plants that will be affected by new legal regulations
on the emission of certain exhaust gas components in the future. With the help of this NH3
sensor, both overdosing and slippage of ammonia should be prevented. The verification
of the functionality of the SCR catalysts will make it possible to optimize nitrogen oxide
emission reductions in such plants.
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