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In many applications for exhaust gas aftertreatment, ammonia is added to the flue gas as a reducing agent for
nitrogen oxide (NOy) emissions. An effective dosing control is necessary to avoid low NOy conversion or
ammonia slip. The here-investigated capacitive zeolite-based sensor helps to monitor the concentration of
ammonia in the flue gas. For the specific application of biomass combustion plants, preliminary sensor in-
vestigations have been carried out in the laboratory. Special emphasis was given on investigating cross-
sensitivities that could be caused by the large number of other components in the flue gas. An impressing

selectivity was found. By adjusting the composition of the zeolite functional film and the operating temperature,
the remaining small influences of NOy and water vapor could be even further reduced. The described sensor
concept should be an ideal solution for improving the NOy aftertreatment efficiency.

1. Introduction

The interest in the use of biomass as an alternative to fossil energy
sources has increased in recent years, mainly since fossil fuels contribute
predominantly to climate change [1]. As a part of renewable energy,
biomass offers a significant advantage in providing an energy supply
that is independent of location and weather conditions [2]. Neverthe-
less, the use of wood-based biomass as an energy source to generate
electricity or heat is discussed controversially [3]. CO, that is bound in
wood is released back into the environment through combustion [4].
However, when used as a building material, it would be bound in the
long term and, therefore, mathematically enable negative CO, emissions
[5].

For this reason, there are numerous proposals to utilize biogenic
waste materials for energy production that are by-products of agricul-
ture and forestry not to be used for other purposes [6]. This improves the
CO4 balance by making more efficient use of available resources [7].
Biogenic waste includes materials such as bark, straw, or leaves, which
are preferably processed into pellets before burning.

On the other hand, the combustion of biogenic residues and waste
generates large quantities of substances, some of which are harmful to
health [8], including sulfur or chlorine compounds, but also hydrocar-
bons or nitrogen oxides [9]. During the growth of biomass, various
substances present in the soil are bound in such fuels and are
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subsequently released during combustion [10]. For this reason, after-
treatment of flue gases is an important requirement for power plants in
order to maintain environmental compatibility [11].

Systems for the combustion of such substances are generally used to
provide a local heating network and typically have thermal or electrical
outputs in the range of more than 100 kW [12]. New legislation sets new
limits for nitrogen oxide emissions [13]. Primary exhaust aftertreatment
measures alone, such as combustion air control, are not anymore suffi-
cient to meet with these limits [14]. Therefore, SCR (Selective Catalytic
Reduction) systems will have to be installed to an increasing extent in
the future. Here, ammonia (NH3) is added to the flue gas, serving as a
reducing agent for nitrogen oxides in the exhaust [15]. NHg is usually
injected in the form of a liquid urea-water solution (AdBlue™) that
evaporates due to the high exhaust temperatures and then decomposes
into ammonia [16]. On an SCR catalyst (usually consisting of zeolites or
mixed metal oxides such as VWT), the nitrogen oxides react with
adsorbed ammonia to form molecular oxygen and nitrogen according to
the following two equations [17,18]:

Standard SCR: 4 NH3 + 4 NO + Oz — 4 N3 + 6 HyO (€D)]
Fast SCR: 4 NH3 + 2 NO + 2 NO; — 4 N + 6 HoO (2)

This technology is well established in power plants and automotive
applications. In the standard SCR reaction according to equation (1),
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only nitrogen monoxide (NO) is reduced, whereas in equation (2) a
faster reaction takes place with an equal amount of NO and NO,. As a
result, higher NOy conversions can be achieved.

Due to the increasing demands for enhanced efficiency in SCR sys-
tems, further developments have been given in the field of SCR catalyst
materials in recent years. Emphasis has been given on improving the
long-term stability and NOy conversion of catalysts over a wider tem-
perature range. Investigations into SCR catalysts containing Mn or Ce
have shown promising results due to increased specific surface and
redox ability at low temperature (< 200 °C), although the formation of
undesired by-products, such as NO, remains a challenge [19-21].

Recent advancements in flue gas aftertreatment technology, not only
for biomass combustion, include the development of SCR catalysts in
combination with particle filters. These catalysts are designed using
suitable material combinations to reduce NOy emissions while filtering
particulate matter [22]. In order to prevent a rapid deactivation or
poisoning of the catalytic converters, upstream dust collectors (e.g.,
cyclones or electrostatic precipitators) are used to remove a major
proportion of the particles before they reach the SCR filter [23,24].
Especially for systems in the 100 kW range, acquisition and operating
costs play a major role for cost-effectiveness.

Efficient operation of the exhaust aftertreatment system requires
precise control of the AdBlue dosage to avoid too low NOy conversion
due to underdosing or NHjs slip due to overdosing. The development of
adapted nozzles for AdBlue™ dosing has been shown to result in the
formation of finer droplets in the exhaust pipe, thereby enhancing the
decomposition to ammonia [25]. The integration of additional mixing
units has been found to lead to a more homogeneous mixing of gas
components and an optimized use of the catalytic converter area [26].

Nevertheless, monitoring of emissions is often necessary, and is in
certain cases, required by law. In gas- or coal-fired power plants, com-
plex measurement systems such as FTIR, NDIR spectrometers or other
optical principles with high accuracy are used for this purpose [27].
However, due to the high initial costs of such instruments, smaller
combustion plants in the 100 kW to 1 MW range cannot be operated
profitably. As a result, a large proportion of the operating costs would be
spent on exhaust gas aftertreatment alone [23].

In the automotive sector, AdBlue™ dosing control is based on the
measured values of several NOy sensors up- and downstream of the SCR
catalytic converter. In addition, the systems are based on complex
characteristic curves determined on test benches. Due to the existing
cross sensitivity of the used dual chamber NOy sensors to ammonia, a
sum signal of NOyx and NHs is measured [28]. Based on various engine
parameters, such as exhaust gas temperature and load range, the char-
acteristic curves can be used to control the AdBlue dosage [29]. How-
ever, these systems are now reaching their limits due to the continuously
lower emission limits. Since systems for the combustion of biogenic
residues and waste materials are usually custom-made and produced in
small quantities, the effort to determine characteristic curves is not
possible or at least not economically efficient [11].

For all these reasons, there is interest in selective ammonia sensors
that meet the high demands of the harsh environment of biomass
combustion flue gas. A wide range of ammonia sensors is available on
the market for different applications. The most widely used principles
include resistive gas sensors [30]. The use of semiconducting metal
oxides or conducting polymers results in a large number of different
versions [31]. While high availability ensures low acquisition costs for
such sensors, long-term stability remains a significant challenge,
particularly when deployed in harsh environments such as the biomass
combustion flue gas. Optical gas sensors, based on the principle of
absorbing light at a gas-specific wavelength, offer a good long-term
stability because of their missing chemical interaction between gas
and sensor [32,33]. Nevertheless, due to the relatively high system costs,
coupled with the still often large dimensions of these sensor setups,
further development work is necessary to produce a market-ready so-
lution [34]. Furthermore, advancements have been made in the domain
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of field-effect transistor-based gas sensors (FET). Here, gas-sensitive
materials are used at the gate or in the channel that influence the
threshold voltage or drain current depending on the corresponding gases
[35]. The implementation of SiC-FET-based gas sensors has already been
demonstrated to effectively regulate an SCR exhaust gas aftertreatment
system in a series of successful tests [36]. Mixed potential sensors also
represent one of the most extensively researched sensor types for the
detection of ammonia in exhaust gases [37-39]. Here, a potential dif-
ference is produced as a consequence of differing electrochemical re-
actions occurring at two electrodes [40]. This can be attributed to either
a local separation of the electrodes or the coating of an electrode with an
active layer, which results in divergent atmospheres at the two elec-
trodes [41]. V205-WO3-TiO2 (VWT) is a commonly applied coating
material that is also used as an SCR catalyst due to its ammonia
adsorption properties [42]. Furthermore, it has been shown that the
resistance of a VWT coating decreases when ammonia is adsorbed on the
VWT coating [43,44].

This study presents a further type of an impedance-based ammonia
sensor for use at high temperatures. The functional principle of the
sensor is based on the changing permittivity of a zeolite layer when
sorbing ammonia molecules. Zeolites are widely used in technical ap-
plications due to their adsorption properties and catalytic activity. In the
field of exhaust gas aftertreatment, the application of zeolites is
expanding as a result of the increasing demands on the efficiency of
emission reduction. During the initial start-up phase of combustion en-
gines, zeolite-based catalysts temporarily adsorb HC and CO molecules
until the light-off temperature of the oxidation catalyst is reached [45].
However, zeolites are mostly used as SCR catalytic converters to reduce
nitrogen oxide emissions. The long-term stability and high selectivity of
zeolites turn it into a suitable material for a functional film in gas sen-
sors. The sensor properties depend on the composition and structure of
the zeolites. For instance, sensors that are sensitive to Hy, CO, or NOx can
be achieved by modified zeolites with Sn or Si, thereby combining the
high sensitivity of semiconductor metal oxide sensors with the high
selectivity of zeolite-based sensors [46,47].

Standard zeolites utilized in SCR catalysts materials are appropriate
for ammonia sensitive film of a gas sensor [48,49]. Due to the presence
of numerous gas components in the flue gas, potential cross-sensitivities
are a special challenge and of particular importance for the planned
future application in biomass combustion systems. The focus is on gases
that are expected to be present in high concentrations, such as HyO, NO,
0,, or CO.

2. Experimental

The requirements for the sensor are low production and operation
costs, high selectivity, and high temperature stability. This section dis-
cusses in more detail how this was achieved.

2.1. Sensor design and functionality

The sensor is manufactured in planar thick-film technology, a cost-
effective production technology that has already been described in
detail in [50]. The rear side is equipped with a platinum heater struc-
ture, which enables the sensor to reach temperatures exceeding 300 °C
during operation. The front surface features an interdigital electrode
(IDE) structure with a line width and spacing of 20 um. The capacitance
of the IDE structure at room temperature without functional layer is
approximately 43 pF. The manufacturing of one sensor element requires
only small quantities of gold (DuPont 5744 R; ~65 mg) and platinum
paste (Heraeus LPA88-11S; ~90mg). Furthermore, glass-containing
insulation layers protect the heater and the leads to the IDE structure
and, furthermore, ammonia is prevented from being oxidized by the
catalytically active platinum heater structure. In addition, the insulation
layer reduces the risk of short circuits between the feed lines due to the
accumulation of conductive soot particles on the sensor surface. Fig. 1
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Fig. 1. Structure of the sensor element based on a schematic drawing and SEM images of the cross-section with screen-printed zeolite film, heater structure, and

cover layer on an alumina substrate.

provides a schematic cross-section of the sensor element. The SEM im-
ages also illustrate the high porosity of the zeolite film.

In order to detect ammonia, a gas sensitive zeolite film is applied on
top of the IDE structure. The zeolite film exhibits a specific electrical
behavior that is directly correlated with the concentration of ammonia
present in the gas [51]. These properties depend on the selected zeolite
[52].

2.2. Zeolite structure and composition

Zeolites consist of AlO3 and SiO4 tetrahedra (primary components)
that form microporous cavity structures [53]. The primary components
are linked via oxide corners, which in turn form secondary and then
ternary structures [54]. This allows the formation of a diverse range of
structural configurations. For ZSM-5 zeolites used in this study, a 10-ring
structure with a pore size of approximately 0.5-0.6 nm [55,56] is
formed. The porous structure of zeolites enables molecular diffusion to
the inner surface of the zeolite [57].

A parameter of specific interest in the technical application of zeo-
lites, particularly in relation to their adsorption properties, is the module
[58]. This value defines the SiO2/Al,03 molar ratio within the zeolite
structure. The different oxidation states of silicon (+IV) and aluminum
(+11II) yield in a negative charge within the zeolite cage that must be
balanced by a proton or another cation. In the case of the H-ZSM-5
zeolite used here, this charge equalization occurs with a proton (H'-ion)
[59]. Additionally, the module is correlated with the number of active
centers at which the gas species can adsorb [60]. A lower module in-
dicates a higher proportion of aluminum atoms and, consequently, a
higher number of active centers in the zeolite [61].

However, it is important to distinguish between different acid cen-
ters and binding types. As previously described in literature, the
Brgnsted centers, Lewis centers, and terminal silanol groups show
varying binding strengths and acidities [62]. The characterization of
these bonds is typically determined by TPD (temperature-programmed
desorption) measurements using ammonia as desorbing molecule. At the
beginning, the zeolite is fully loaded with ammonia at temperatures
below 100 °C. Subsequently, the zeolite is continuously heated, resulting

in a temperature-dependent desorption of ammonia [63]. The detected
peaks can then be attributed to the corresponding bonding types.

This sorption processes serve as the fundamental operating principle
of the sensor. The temperature of the sensor is selected in order to
achieve an equilibrium between the adsorption and desorption of
ammonia. As a consequence of a change in the electrical properties of
the zeolite as a response of the amount of ammonia that has been
adsorbed, it is possible to measure a concentration-dependent signal
[64]. The sensitivity of the sensor to ammonia depends on several fac-
tors, including the specific zeolite utilized. The following measurements
refer to ZSM-5 zeolites in the H-form, which have a module of 27, 55, or
300 (supplier: ALSI-Penta Zeolite GmbH; zeolite SH-27, 55, 300). These
materials have a specific surface area of Sprr,m27 = 313 m?/g, SpET,mss
=302 m?*/g and Sper,m3oo = 368 m?/g, as determined with nitrogen
using the BET method.

The zeolites in powder form were processed to a paste that is suitable
for screen-printing using a viscous medium (ethylcellulose-terpineol in a
weight ratio of approximately 1:1 to the zeolite powder). For this, the
powder was initially mixed manually with the fluid before being pro-
cessed in a three-roll mill (Exakt 50 Ointment Mill). This process was
repeated until a homogeneous, viscous mass was obtained that is suit-
able for being used as a screen-printing paste. Subsequently, the paste
was printed onto the sensors, followed by a drying step at 120°C for
15 minutes. Finally, the zeolite films were fired at 850 °C. The heating
and cooling rates during the firing process were set to around 30 K/min
and the dwell time at the maximum temperature was 20 min. The firing
process of the paste leads to the removal of the organic components,
which results in a high porosity of the zeolite layer (see Fig. 1). In
addition, the high firing temperature improved the adhesion of the layer
to the carrier substrate, but also slightly reduced the specific surface
compared to lower firing temperatures [56]. Attempts with diluted
pastes, i.e., with a lower proportion of the zeolite powder, resulted in an
inhomogeneous layer thickness with significantly reduced reproduc-
ibility and adhesion of the layer.

The zeolite layer thickness (in the fired state) was approximately 35
micrometers. It was determined by a laser scanning microscope (Zeiss
LSM900) and is an average value of several measurement points along
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the zeolite surface. The layer thickness was also confirmed by the SEM
image in Fig. 1.

2.3. Measurement setup

The sensors were evaluated in a test bench for synthetic flue gas. The
concentrations of the components in the gas were selected to represent
the typical range of values observed in the flue gas of biomass com-
bustion processes. The base gas was composed primarily of CO:z (3 vol
%), O2 (10 vol%), and gaseous Hz20 (5 vol%) in N». The concentrations of
the base gas components were selected on the basis of values from real
biomass combustion, which can, however, vary depending on the type of
fuel and on the operation mode of the boiler [9]. Considering the water
content, concentrations in the range of 10 % can also be achieved and
will be addressed below [13]. The total flow rate through a cylindrical
measuring chamber with an internal diameter of 40 mm was 6 L/min.
To determine the ammonia response of the sensor, the ammonia con-
centration was varied between 0 and 240 ppm at a constant flow rate. In
order to obtain concentrations in the desired range, a pre-diluted gas
cylinder with 9.9 vol% NHj in N was used. This concentration range for
ammonia is based on literature data on the NOy emissions of different
biogenic fuels. For the most common fuels, such as straw, miscanthus, or
rice husks, a concentration range of up to approximately 300 ppm is
obtained [9]. According to equations (1) and (2), the NH3/NOy ratio
should be around 1:1 for optimum NOx conversion. To prevent NHj3 slip,
NHjs is often underdosed to a certain extent [29]. In consequence, the
selected concentration range for ammonia is slightly lower. To minimize
the potential for adsorption and desorption processes of ammonia on the
steel piping of the system, the supply lines to the measuring chamber
were heated to approximately 120 °C, and the measuring chamber itself
was heated to approximately 70 °C [65]. Nevertheless, a slight delay in
the response to changes in ammonia concentration can still be observed
by the downstream FTIR spectrometer (MKS MultiGas 2030 FTIR
Analyzer). Concurrently, the FTIR was used to verify the actual
ammonia dosage and for comparison with the sensor data.

The sensor values were logged using a measuring device for elec-
trochemical impedance analysis (PalmSens 4). Initially, impedance
spectra were recorded in the frequency range between 1 MHz and
0.1 Hz with the aim of evaluating the frequency-dependent electrical
behavior of the sensors. Subsequently, measurements were conducted at
a constant excitation frequency (f = 700 kHz) to determine the capaci-
tance of the sensor with enhanced temporal resolution. In both cases, the
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effective excitation voltage was set to Uggr = 250 mV.

Digital electronics were used to control the temperature of the sensor
by measuring the four-wire resistance of the platinum heater structure
on the reverse side of the sensor. The operating temperature of the
sensor could be set independently of the flow conditions in the
measuring chamber by means of a previously determined characteristic
curve (which shows only slight deviations from the standardized char-
acteristic curve of a platinum temperature sensor). The heaters were
calibrated by measuring the resistance at room temperature [66].

3. Results and discussion

The following measurements primarily focused on the sensor
behavior of various zeolite modules in regard to ammonia, as well as
their cross-sensitivities when dosing different gas components.

3.1. Effect of module variation on ammonia sensitivity

Zeolites with three different modules were initially compared by
recording impedance spectra within the frequency range between
1 MHz and 0.1 Hz. The sensors were heated to a temperature of 400 °C.
Following an initial measurement at base gas without ammonia, the
concentration was then increased to 48 and 240 ppm. The results are
shown in Fig. 2.

The measurements indicate that, regardless of the module of the
zeolite layer, the sensors behave similarly. Their impedance spectra can
be described by a parallel RC element with blocking electrodes (visible
at low frequencies) [67,68]. The low electrical conductivity of zeolites
results in impedances in the order of several megohms for low fre-
quencies. It originates predominantly from the transport of protons,
which are present as charge balancing ions [69]. The (ionic) conduc-
tivity is thus influenced by the module of the zeolite, which affects the
proton transport path [69]. Therefore, the proton conductivity of a
zeolite with a low module and a high number of active centers is higher
due to its shorter path length. Consequently, the diameters of the
respective semicircles illustrated in the Nyquist plot decrease for zeolites
with lower modules.

The adsorption of molecules (in this case, ammonia) on the zeolite
affects the proton transport. Literature describes several temperature-
dependent conductivity mechanisms [70-72]. It has been demon-
strated that an enhanced transport of protons along the solvate mole-
cules is occurring. This results in a reduction of the radius of the
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Fig. 2. Impedance spectra (1 MHz - 0.1 Hz) of H-ZSM-5 zeolite sensors with different modules (27, 55, 300) under variation of the ammonia concentration (0, 48,
240 ppm); sensor temperature 400 °C, base gas composition: 10 vol% O,, 3 vol% CO,, 5 vol% H,0 in Nj.
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semicircle observed in the Nyquist plot impedance spectrum. This effect
can be seen in Fig. 2 for sensors of each the examined zeolite modules.

In order to obtain measurements with a higher timely resolution,
data acquisition was carried out at a constant excitation frequency. For
the sensors examined here, the phase angle ¢ remained within the range
of —75° to —85° at frequencies higher than 10 kHz. This is almost
analogous to the behavior characteristic of a capacitor, whereby changes
in permittivity result in corresponding alterations in capacitance [73].
There have also been studies in literature on the influence of adsorption
processes on the permittivity of zeolites in a wide frequency range (mHz
- GHz) [74,75]. Changes in the permittivity of the zeolite structure are
due to dipole moment variations, which are attributed to the movement
of protons and modifications in bond distances of the lattice [76,77].
Consequently, the sensor capacitance C is calculated using the data
obtained from the impedance analysis. In addition to the phase angle ¢
and the excitation frequency f, the absolute value of the impedance |Z |
is of particular importance for the calculation of the capacitance (see
equation (3)):

sin( — ¢)

2nef o|Z | @

C =
A capacitive measurement conducted at an excitation frequency of

700 kHz leads to impedance values in the range of kiloohms. Conse-
quently, inaccuracies resulting from the measurement of low currents
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can be avoided. Moreover, future evaluations can be carried out with the
measurement units of MEMS components. Such sensors, like accelera-
tion sensors or gyroscopes, are often based on a capacitive principle
[78-80].

Fig. 3a illustrates the time course of continuous capacitance mea-
surements of sensors with different zeolite films (module 27, 55, 300).
The concentration of ammonia was increased stepwise between 0 and
240 ppm (see Fig. 3b), and the time-dependent capacitance values of the
sensors were determined simultaneously.

The base capacitance of all sensors, defined as the capacitance value
measured before test gas admixture (0-7 min) were in a similar range
between 53 and 61 pF. The differences between the sensors cannot only
be attributed to influences resulting from the positioning of the cables,
variations in layer thickness, or the presence of minor defects in the IDE
structure, but also to the composition of the zeolite layer. As expected,
zeolites with a higher number of protons (lower module) contribute
more significantly to permittivity and, consequently, to the sensor
capacitance [81].

The response of the sensors varied depending on the specific zeolite
module. To study in detail, the change in capacitance (in relation to the
base capacitance in the base gas) as a function of the ammonia con-
centration was evaluated and is illustrated in Fig. 3c.

In general, characteristic curves of the sensors are similar to
adsorption isotherms (Freundlich isotherm) [82]. However, notable

characteristic curves
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Fig. 3. a) Time course of the capacitance values of the different zeolite modules (27, 55, 300) and b) of the dosed NH3; measured by the FTIR spectrometer
downstream of the measurement chamber. ¢) Sensor responses depending on the ammonia concentration determined at steady state values from a) and b). d)
Comparison of the NH3 concentration measured by the sensors (calculated using the characteristic curves from c)) and the FTIR spectrometer over time, sensor
temperature 400 °C, base gas composition: 10 vol% O,, 3 vol% CO,, 5 vol% H,0 in N,. Measured at 700 kHz.
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differences in ammonia sensitivity were observed between the zeolite
modules. In particular, at low ammonia concentrations (less than
50 ppm), the change in capacitance was significantly higher for the
sensor with a module of 27 than for those with modules of 55 or 300. As
a consequence of the enhanced number of active centers resulting from
the reduced zeolite module, there is a higher ability to adsorb ammonia
[83]. Consequently, an increase in the sensor signal was detected.

The observed delay in the return of the capacitance to the base value
at the end of ammonia dosing (at 52 minutes) can be attributed to
damping effects of the gas dosing setup. Due to ammonia absorption and
slow desorption on the walls of the piping and the sensor test bench,
minor yet non-negligible concentrations remain present in the
measuring chamber even several minutes after the end of dosing. This
results in a higher signal response for the zeolites with a low module (27,
55), although this is not related to a slow response time of the sensor.

Fig. 3d illustrates a comparison of the ammonia concentrations over
time, measured by the sensors and the FTIR spectrometer. For this
purpose, the concentration actually measured by the respective sensor at
each point in time of the measurement was calculated from the cali-
bration curve as shown in Fig. 3c. This demonstrates that the curves
between sensor response and FTIR data are nearly identical. The sensors
thus exhibit a sufficient response time to enable the detection of rapid
ammonia concentration fluctuations. The apparently slower return to
the base capacitance value can therefore be attributed to a higher
sensitivity of sensors with a low zeolite module at low NH3 concentra-
tions. In order to ensure an efficient control of AdBlue dosing, it is of
critical importance to be able to detect even small ammonia concen-
trations (< 30 ppm) in the flue gas of combustion plants. At this stage of
the investigation, the sensors with a zeolite module of 27 exhibited the
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most promising response, as the elevated number of active centers led to
a significantly enhanced adsorption of ammonia. As a consequence, the
electrical output signal for the particular sensor variant was higher.
Nevertheless, further investigations are required to evaluate the influ-
ence of other gases and potential cross-sensitivities for the respective
zeolite module.

3.2. Studies on cross-sensitivities

In addition to the sensitivity towards ammonia, the influence of
other gas components also plays a significant role for the application in
the flue gas of a biomass combustion system. During combustion, a wide
range of gases are formed. Those components that are more likely to
occur in real exhaust gases are investigated further. This included a
variation of the previously used base gas components, which were COz,
Oz, and H-0. Furthermore, NOy (consisting of NO and NOz), CO, CsHs,
and H. were admixed to the base gas.

In order to evaluate the cross-sensitivities, a sensor with a zeolite
module of 27 was selected for demonstration purposes. Before the
experiment, the sensor was calibrated at base gas (10 vol% O», 3 vol%
CO2, 5 vol% Hy0) as previously shown in Fig. 3c. The values shown in
Fig. 4a again correspond to the actual ammonia concentrations
measured by the sensor. Fig. 4b presents the actual gas concentrations
determined by FTIR, with the exception of Hy, which was calculated
from the mass flow data of the test bench.

The series of measurements was initiated with a variation of the NO,
NO., and NHs concentration at base gas atmosphere. This sequence was
then repeated twice, first with a change in the CO: (3-5 vol%) and O:
(10-5 vol%) content, then with an increase in the water concentration

250
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5 5% H,0 5 % H,0 10 % H,0 10 % H,0
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Fig. 4. Time course of a series of tests to investigate the cross-sensitivities under variation of the base gas components and dosing of other components relevant for
biomass combustion. a) sensor data during variation of the base gas components (05, CO», H>0) with NOy and NH; dosing and subsequent exposure to CO, C3Hg and
H, (calibration at base gas with 10 vol% O, 3 vol% CO-, 5 vol% H,0 in N5). b) dosed gas concentrations of the special gases (NH3, NOy, CO, C3H8, H,) measured by

downstream FTIR spectrometer. Sensor temperature 400 °C, zeolite module 27.
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(5-10 vol%). Subsequently, the sensors were briefly exposed to CO,
C3Hg, and Hs.

The results showed that the sensor responds with high selectivity to
ammonia. A notable change in the sensor signal was observed specif-
ically during dosing of NHj. Furthermore, no notable influence was
detected when NOy, CO, C3Hg, and Hy were admixed.

In contrast, an apparent increase in the ammonia concentration
occurred when the water content was increased from 5 to 10 vol%. This
discrepancy between the measured and the actual ammonia concen-
trations may be attributed to the influence of water on the zeolite, since
water is also capable of adsorbing onto the zeolite, following a mecha-
nism similar to ammonia [84]. In order to investigate this effect in more
detail, a series of measurements were carried out in which the NHj
concentration was varied for different H,O concentrations. Fig. 5a il-
lustrates the typical response curves of a sensor with a module of 27 at
water contents of 2, 5, and 10 vol%. An increase in the water content
results in a slight shift of the characteristic curve to higher capacitance
values of approximately 0.3 pF per percentage of water vapor for the
sensor with a module of 27. This results in an increase in the measured
ammonia concentration by the sensor in Fig. 4, as an increase in the
water content is incorrectly interpreted as an increase in the ammonia
concentration. While the influence of water is therefore significantly
lower than that of ammonia, it cannot completely be neglected for the
application. Fluctuations in water content of + 2.5 vol% are to be ex-
pected in real biomass firing applications [85].

The results of this series of measurements indicate that further
investigation of other gas components in combination with simulta-
neous dosing of ammonia should contribute to the sensor development
for real-world applications. Of the gas components further investigated
here (CO3, O2, NOy, CO, C3Hg and Hy), however, only the combination of
NOy with NHgs proved to be critical (see equations (1) and (2)). A cor-
responding series of measurements, similar to the procedure for
analyzing the influence of water, can be seen in Fig. 5b.

The presence of NO resulted in a slight reduction of the sensor
response. An additional increase in the NO concentration from 100 ppm
to 200 ppm further reduced the response. This effect may be attributed
to the occurrence of SCR reactions at the zeolite film according to
equation (1). These reactions result in the conversion of ammonia
molecules with nitrogen oxides into nitrogen and oxygen [60,86,87].
Consequently, the quantity of ammonia adsorbed on the zeolite layer
decreased. Thus, the concentration indicated by the sensor was found to
be lower than the actual concentration of ammonia present in the gas.
This effect becomes even more pronounced when part of the NO con-
centration is replaced by NO2. Now, the total concentration of 200 ppm
NOy was maintained, but 10 vol% (£ 20 ppm) NO2 were admixed, which
is a typical value for the NO2/NOy-ratio in a real flue gas. As a conse-
quence of the fast SCR reaction (see equation (2)), an increased con-
version of NOy and NHj at the zeolite was observed, which in turn led to
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a further decrease in the sensor signal.

In the following, the influence of the two gas components (NOy and
H,0) was found to vary depending on the specific zeolite module
selected for the gas sensitive film. The previously described series of
measurements was thus repeated with the sensors made of zeolites with
modules of 55 and 300. To classify the cross-sensitivities, the capaci-
tance values of the sensors were calculated into the ammonia concen-
tration using a calibration measurement determined at base gas. The
change in the concentration values measured by the sensor in compar-
ison to FTIR data when varying the water content (5-10 vol%) and when
adding NOy (200 ppm; 180 ppm NO and 20 ppm NO5) can be found in
Fig. 6.

As previously stated, with increasing water content, the ammonia
concentration indicated by the sensor was in fact higher than the actual
value. With increasing module, the resulting error also increased. The
different influences observed with regard to the zeolite module are
attributed to the varying types of bonding of the adsorbed gas species.
While ammonia is typically bonded by van-der-Waals or covalent bonds,
water is generally bonded to the zeolite via electrostatic attraction forces
[81,88]. Also, the diffusion of gas species and the adsorption potential of
individual molecules depend on many factors, including the zeolite
module, pore size, temperature and the interaction of other molecules
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Fig. 6. Comparison of the ammonia concentration measured by the sensor and
the FTIR when varying the water content from 5-10 vol% or when adding
200 ppm NOy (180 ppm NO and 20 ppm NO,). Calibration of the sensor with
base gas with 10 vol% O, 3 vol% CO,, 5vol% H,0 in Nj, sensor tempera-
ture 400 °C.
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Fig. 5. Investigations of the influence of other gas components on the characteristic curve of the ammonia sensor. a) Variation of the water content. b) Variation of
the NOy concentration (NO, NO,). Sensor temperature 400 °C, base gas composition: 10 vol% O,, 3 vol% CO,, 5 vol% H,0 in N, zeolite module 27.
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with the zeolite structure [81,89]. This leads to a deviation that is
dependent on the zeolite module when changes in the water content
occur.

In general, the influence of water was found to be nearly linear for
each zeolite module, while the sensitivity of ammonia decreases with
increased ammonia concentration. This leads to an increased error for
higher ammonia concentrations.

In contrast, the error caused by the presence of NOy is observed to
decrease with increasing zeolite module. While the zeolites with a
module of 27 and 55 exhibited a comparable deviation in the charac-
teristic curve, the error for the zeolite with a module of 300 was reduced
to approximately half. The SCR reactions that occur require the presence
of adsorbed ammonia on the zeolite [90,91]. As a consequence of the
lower number of active centers, the probability of nitrogen oxide mol-
ecules being converted is reduced, given that significantly less ammonia
adsorbs on the zeolite with a higher module [83]. This also results in a
reduction of the converted ammonia, and in turn reduces the error when
determining the ammonia concentration in NO and NO; containing
ambiences.

Similar cross-sensitivities have been observed for other sensor prin-
ciples when detecting ammonia in exhausts that contain water and/or
nitrogen oxides.

In case of mixed potential sensors, an increase in the water content
leads to a reduction in ammonia sensitivity, depending on the active
layer used [92]. In real exhaust gas, however, this effect can be
compensated by the influence of the oxygen content, at least to some
extent. An increase in the oxygen concentration also leads to a reduction
in ammonia sensitivity. The opposite trend of the water and oxygen
content in the combustion exhaust gas in turn leads to a reduction in the
error in the determination of the NH3 concentration. [38,93]. As these
two effects do not fully counterbalance each other, it is typically rec-
ommended to correct the signal by means of an additional signal or
sensor, e.g., by a lambda probe [92].

The NOy cross-sensitivity has an observable effect on various sensor
variants, too, as it can result from SCR reactions or, as in case of the
resistive VWT or mixed potential ammonia sensor, from different sorp-
tion or conversion processes of NOyx. This means that, in contrast to the
sensor principle investigated here, these cross-sensitivities can usually
be detected even in the absence of NH3[39,44,94,95]. Similarly, the
behavior of other sensors studied in literature can be influenced by
adjusting various factors [96,97]. Such factors include the materials
selected for the electrodes or the gas-sensitive film. In the case of sensors
with VWT functional layers, the weight proportion of V20s is found to
have an impact on the sensitivity to NHs [42,98]. Furthermore, the
sensitivity and selectivity of the sensor can be influenced by the oper-
ating mode, for instance by applying a voltage or current bias [38,39].

A similar relationship with regard to existing cross-sensitivities can
be observed with the zirconium oxide-based potentiometric NOy sensor,
which is commonly used in the automotive sector for SCR systems. This
sensor also exhibits a high degree of cross-sensitivity to NHs, which
further depends on the concentration of NOy present in the exhaust gas.
According to measurements in the literature, the average influence of
NHj3 on the measurement signal corresponds to about 2/3 of the effect of
NOy [99]. As previously stated, it is only possible to distinguish between
the individual gas species despite the sum signal from NOy and NH3 by
using complex, application-dependent models [100,101].

The results shown here indicate that the selection of the zeolite has a
significant impact on the cross-sensitivities of the sensor. While zeolites
with a low module showed the lowest water influence, they also
demonstrated the highest error due to SCR activity. Consequently, a
compromise is necessary, as certain changes in these exhaust gas com-
ponents are to be expected in real applications. As the causes of the
cross-sensitivity previously mentioned are considered to be
temperature-dependent, the influence of the sensor operating tempera-
ture on the deviations resulting from H20 and NOy was investigated in
further detail in the following section.
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3.3. Studies on the influence of temperature on the response to NHz and
on the cross-sensitivities

The operation temperature of exhaust gas sensors (Ty) is a crucial
parameter that must be considered when evaluating the performance of
such sensors. The effect of sensor temperature on the above-mentioned
cross-sensitivities will now be investigated. As a measure of the cross-
sensitivity of the sensor, the error in the determination of the concen-
tration of ammonia under a change in the composition of the gas was
considered. In order to achieve this, the difference between the actual
concentration measured by the sensor and its calibration characteristic
curve at 100 ppm ammonia was calculated. This value thus represents
the error of the sensor reading at an actual ammonia concentration of
100 ppm (see Fig. 6 at 100 ppm NHs).

Table 1 presents an error analysis conducted at temperatures be-
tween 360 and 480 °C for a 5 vol% change in the water content (from
5 vol% to 10 vol%).

The results showed that the responses for sensors containing a zeolite
with a module of 27 in the low temperature range (Ty < 440 °C) and a
zeolite with a module of 55 in the high temperature range (Ty > 440 °C)
are only minimally affected by changes in the water content. The highest
cross-sensitivity was identified, in analogy to the series of measurements
illustrated in Fig. 6, for sensors with a zeolite film of module 300. This
makes the zeolite with a module of 300 less suitable for use in real-world
applications. Furthermore, the significantly reduced ammonia sensi-
tivity, which is evident in Fig. 3, is a challenge for the measurement.

A more detailed examination of the change in capacitance caused by
100 ppm NHs displayed in Fig. 7 revealed that the two other zeolite
variants demonstrated the highest measurement effect especially at low
temperatures (Ty < 420 °C). Across the entire temperature range from
360 °C to 500 °C, the sensors comprising a zeolite with module 27
showed an approximately 50 % higher response compared to sensors
with a zeolite module of 55.

However, an inverse correlation was observed with regard to the NOy
cross-sensitivity, as previously indicated. The SCR activity was found to
be significantly lower for the zeolite with a module of 300. This result
was also confirmed by the temperature-dependent error analysis in
Table 2.

One can generally conclude that the addition of 200 ppm NOy
(180 ppm NO and 20 ppm NOy) results in the largest error in the tem-
perature range of approximately 440 °C for the zeolites under investi-
gation. However, the data in Fig. 6 also confirmed that the zeolite with a
module of 300 showed the smallest deviations from the actual ammonia
concentration over the entire temperature range.

Given the preceding results that indicate that the use of sensors with
a high zeolite module should be avoided due to the low ammonia
sensitivity and the high water influence, the zeolite with a module of 27
is the most promising variant for future use in the flue gas of biomass
combustion. Despite the fact that the NOy cross-sensitivity for this
zeolite module of 27 does not demonstrate a significant temperature
dependency, an operation temperature below 440 °C should be
preferred. In this temperature range, an increased ammonia sensitivity
with a simultaneous decrease in water cross-sensitivity could be
observed.

The cross-sensitivities investigated here are also discussed in the

Table 1

Temperature-dependent error analysis with a dosage of 100 ppm ammonia and
an increase of the water concentration of 5 vol% for sensors with a zeolite
module of 27, 55 and 300, base gas composition: 10 vol% O, 3 vol% CO,, 5 vol
% H,0 in N.

Tu/°C 360 400 440 480
ACH20, m27 / PPM 6.8 9.8 13.8 15.6
AcH20, mss / ppm 14.2 23.0 8.6 6.7
AcH20, m3oo / Ppm 53.0 60.1 57.6 80.5
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literature, particularly with regard to sensor applications in combustion
exhaust gas. In a previous study on a zeolite-based resistive ammonia
sensor for automotive applications, cross-sensitivities to H20 and NOy
were found to be comparable, while the influences of CO2, Oz, and CO on
the sensor signal were also negligible. Due to the more variable condi-
tions present in the exhaust gas of combustion engines, particularly with
regard to NOy concentrations during load changes in comparison to
almost constantly operated biomass combustion systems, a zeolite with
a module of 140 was then selected for these investigations. In order to
achieve an optimal balance between ammonia sensitivity, cross-
sensitivities, and signal stability, a compromise was reached with this
zeolite module [52,102]. However, for flue gas applications, H-ZSM-5
zeolites with a module of 27 are preferred. For this, a conclusive com-
parison in Table 3 includes the sensitivity, the selectivity (in form of the
water cross-sensitivity), the NH3 conversion, as well as the limit of
detection (LOD) of sensors with the investigated zeolite modules for the
preferred operating temperature of 400°C.

As previously mentioned, the zeolite with the lowest module (27)
offers the highest NHg sensitivity in combination with the lowest water
cross-sensitivity among the investigated zeolites. The factor Quoo that
quantifies the water cross-sensitivity listed in Table 3 was calculated
using Eq. (4).

(C(0 ppmuy,, 5 vol%y,0) — C(0 ppmyy,, 2 v0l%g,0) ) ® 100 ppmyy,
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Table 2

Temperature-dependent error analysis due to the addition of 200 ppm NOy
(180 ppm NO and 20 ppm NO,) with a dosage of 100 ppm ammonia for sensors
with a zeolite module of 27, 55 and 300, base gas composition: 10 vol% O, 3 vol
% CO», 5 vol% H50 in N».

Ty /°C 360 400 440 480

Acnox, m27 / Ppm -20.1 —28.4 —26.2 —23.5
Acnox, mss / Ppm -16.4 —26.8 -31.5 —26.4
Acnox, m300 / PPM —-8.2 —15.2 —-27.0 —13.5

on an underestimated sensor concentration at 100 ppm NH3 and NO).
The impact of the cross-sensitivities investigated within this study
are affected by the application of the sensor under real conditions. In
biomass combustion systems, such as biogas cogeneration plants, for
example, the fuel is typically burned under constant conditions, mean-
ing that fluctuations in the concentration of the relevant components
during operation are minimal. In such systems, only a rudimentary
knowledge of the occurring gas concentrations must therefore be known
in order to provide a corresponding characteristic curve for the sensor.
In the case of boilers that cannot operate in a stationary condition
with respect to the combustion process (e.g., pellet or wood chip firing
systems), at least one secondary signal is required to correct the cross-

QH20:<

Quoo indicates a relative ratio between the changes in capacitance
when the water content is increased by 3 vol% and a dosage of 100 ppm
NHg, in each case with the comparison to the initial value at 0 ppm NHg
and 2 vol% H3O. The higher water cross sensitivity of zeolites with
higher modules is reflected by an increase of Quao by a factor of 3 be-
tween sensors with a module of 27 and 300. Due to the higher sensor
response, it is also possible to resolve lower concentrations of NH3 using
the sensor variant with a module of 27. The limit of detection (LOD) is
three times lower in this case. However, this comes along with a higher
error owing to NH3 conversion in the presence of NOy (calculated based
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Fig. 7. Temperature-dependent change in capacity due to 100 ppm ammonia
for sensors with different H-ZSM-5 zeolites with modules of 27, 55, and 300;
base gas composition: 10 vol% O,, 3 vol% CO,, 5 vol% H,0.

C(100ppmyg,, 2 vol%j,0) — C(0 ppmyg,, 2 vol%y,o) ) @ 3 vol%p,o

4

sensitivity of the sensor. Plants in the power range of > 100 kW are
often equipped with NOy sensors in the flue gas pipe, allowing to correct
the NOy cross-sensitivity [32]. Additionally, with such a NOy sensor the
oxygen content in the flue gas can be determined, which is directly
related to the water content [100,103], since an increased demand for
oxygen reduces the residual oxygen content in the flue gas and increases
the water content [104]. One approach to minimize the errors resulting
from these two cross-sensitivities is to use the signal from a commer-
cially available NOy sensor. The integration of alternative data, such as
fuel type, intake air control, and/or flue gas temperature, could also be
evaluated. However, this approach requires a more precise under-
standing of the specific system in order to estimate HyO and NOy
emissions. Typically, this demands a series of comprehensive
measurements.

4. Conclusion and outlook

This work presented further investigations on the behavior of a
zeolite-based ammonia sensor, which was operated as a capacitive
sensor following detailed electrochemical impedance analysis. A
particular focus of this study was on the influence of the zeolite func-
tional film, and in particular the zeolite module, on the ammonia
sensitivity and cross-sensitivities. In general, the sensors demonstrated

Table 3

Comparative overview of the three zeolite modules tested at a sensor tempera-
ture of 400 °C with regard to ammonia sensitivity, water cross-sensitivity (ratio
of capacitance changes with a variation of 3 vol% H,O and 100 ppm NHj),
average NHj conversion at 100 ppm NH3 with 100 ppm NO and the limit of
detection (LOD).

Module 27 Module 55 Module 300
AC100 ppm NH3 / PF 14.2 8.0 1.8
Qu,0 /107* 2.36 5.54 7.29
NH; conversion / % 9.13 8.67 1.30
LOD / ppm 0.85 2.71 2.86
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cross-sensitivities to only a limited number of gas components. In
addition to the known adsorption properties of zeolites towards water,
the low SCR activity resulted in a reduction in the output signal when
NOy and NH3 were simultaneously present in the gas. The extent of these
cross-influences was found to vary according to the specific selected
zeolite module. The cross-sensitivity of zeolites with a low module to
changes in water content was found to be lower, but they showed higher
deviations from the calibration value when dosing NOy. In order to apply
this in practice, a compromise must be reached in order to select a sensor
variant with the lowest possible cross-sensitivity. Additionally, varia-
tions of the sensor operation temperature affected its cross-sensitivities.

In subsequent series of measurements, in addition to the cross-
sensitivities investigated here, poisoning effects caused by HCl and
SOz will also be investigated. They may lead to a permanent deactivation
of the acid centers of the zeolite. Furthermore, long-term stability is also
a challenge due to harsh flue gas conditions. Also, measurements are to
be performed on exhaust gases from several biomass combustion plants
that include the dosing of AdBlue. It is of significant importance to select
an appropriate protective cap in order to ensure a rapid exchange of
gases at the sensor surface. The impact of soot and dust particles, which
may deposit on the sensor surface due to the relatively low operating
temperature, must be considered, as these can potentially affect the
sensor behavior.
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