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ARTICLE INFO ABSTRACT

Keywords: Agricultural emissions of ammonia (NH3) reduce air quality and biodiversity. Measuring the effectiveness of

Amfﬂoma mitigations measures requires rapid monitoring tools, however, conventional methods are labour intensive and

gg‘.‘c‘.ﬂmre costly. This study evaluated the performance of a prototype metal oxide semiconductor (MOS) gas sensor for

S:::;OH monitoring NH3. Conventional methods were used to calibrate sensor conductance. The metal oxide semi-
. . conductor (MOS) gas sensor was calibrated against NH3 released from a 0.1 M phosphate buffer spiked with

Metal-oxide semiconductor . i X .

Calibration ammonium chloride and NH3 released from recently spread cattle slurry. Field measurements using the MOS

sensor were compared with values measuring a Bruker Open Path Air Monitoring System. Sensor conductance
and NH3 concentration were described using single site Langmuir adsorption model. Field calibrations suggest a
higher detection limit above 0.1 ppm and coefficients of determination were 0.93 and 0.89 for sensors 1 and 2,
respectively. For prototypes deployed under field conditions, sensitivities of 2.2 and 2.4 with nonlinearity
constants of 0.53 and 0.51, were found for sensor 1 and 3 respectively. Average R2 values were 0.88 for sensor 1
and 0.92 for sensor 3. The calibrations were used to calculate NH3 concentrations from slurry emissions using
MOS sensor conductance. NH3 concentrations between 0.2 and 1 ppm, were measured with standard deviation
of 20% of verified concentrations. The MOS sensor is sensitive enough to detect NH3 emission from agricultural
sources with concentrations above 0.2 ppm. Low power and cost of MOS sensors are an advantage over existing
techniques.

economic and social perspective.
Ammonia emissions from soil can be analysed by adsorbing gaseous

1. Introduction

Agricultural emissions of gaseous ammonia (NH3) reduce air quality
and biodiversity due to acidification and eutrophication of surrounding
land and surface water [12]. Nitrogen losses due to ammonia volatili-
zation after fertilization with organic or artificial fertilizer can be 30% or
higher [2,24,25]. In addition to the environmental cost, this may
represent a substantial financial cost for farmers, both in wasted re-
sources and in decreased production. Ammonia emissions also cause
indirect greenhouse gas emissions as ammonia that is deposited on soil is
partly emitted as nitrous oxide (N20) [3]. Finally, ammonia emissions
contribute to formation of fine particulate matter which is associated
with a range of adverse health effects [6,8]. Monitoring is an important
tool in increasing our understanding of emissions and mitigations
measures. It should be obvious, therefore, that adequate monitoring of
gaseous ammonia concentrations is vital from an environmental,
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ammonia into an acidic liquid phase which is later analysed for
ammonia content. This core concept can be applied in a variety of
experimental set-ups, such as wind tunnels [13], in the open field [26],
and in closed and vented chambers [27]. These methods are labour
intensive and costs quickly escalate if a high sampling frequency is
required. The absorption generally takes place over hours or longer to
attain measurable quantities, leading to a considerable loss of resolu-
tion. Moreover, a considerable lag time can exist between collecting a
sample and obtaining the results. Direct measurement of gas concen-
trations could reduce labour, increase resolution and facilitate fast
intervention measures.

Direct measurement of gas concentrations is possible with a variety
of more recent technologies. Advances in laser technology, such as the
quantum cascade laser, and cavity ring down spectroscopy have enabled
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extremely low detection limits down to the sub ppb level [14,17].
Alternatively, photoacoustic spectroscopy (PAS) can detect concentra-
tions down to +3 ppb, using cantilever enhanced PAS [7]. However,
while power consumption has reduced drastically, long-term in-situ
monitoring requires considerable upkeep. Moreover, commercially
available solutions are expensive and are not suited for multi-site roll
out.

Metal oxide semiconductor (MOS) sensors are a cheap and low
power alternative for gas sensing. In MOS gas sensors, gases interact
with the metal oxide surface and either donate or accept electrons,
depending on the type of sensor and the type of gas [5]. This changes the
electrical conductivity of the sensor material, which is continuously
measured. The technology is mature, having been the subject of
continuous research for over forty years [5,15,29], and has been shown
to yield stable measurements over long periods of time even under harsh
conditions [4]. This makes MOS sensors a potentially suitable candidate
for high temporal and spatial monitoring of emissions from agriculture.

MOS sensors exhibit excellent sensitivity to ammonia, concentra-
tions as low as 0.5 ppm have shown to give a very clear response [18].
Both ZnO [16,18,21,22] and SnO; [20] have been used as sensing ma-
terial. MOS sensors are non-selective, which is considered to be one of
the main limiting factors to their widespread use. However, the litera-
ture reports a much higher sensitivity to ammonia than for other gases
that have been tested. The relatively high sensitivity to ammonia sug-
gests that interference by other gases may be limited, despite the non-
selective nature of MOS sensors.

The objective of this study was to evaluate the performance of a
prototype MOS gas sensor manufactured by ST Microelectronics for
detection and monitoring of ammonia emissions from agricultural
sources. We performed two field calibrations: under semi-controlled
conditions in a dynamic chamber, and under uncontrolled conditions
in the open atmosphere. The results from these calibrations were used to
evaluate the sensitivity and selectivity of the gas sensor for ammonia in
the context of monitoring emissions from agriculture.

2. Material and methods

In this work, the GHT25 metal oxide semiconductor gas sensor
prototype, manufactured by ST Microelectronics, was evaluated for use
as a selective ammonia sensor. Sensor material consisted of tin oxide
(SnO3) nanomaterial deposited over a micro hotplate, which heated up
the sensor material to operating temperature. The internal redox reac-
tion occurs at 350 °C by the micro hot plate to deposit the sensor ma-
terial. The sensor is optimized to operate within the temperature range
— 20 to 85 °C. The heater current could be run continuously for
maximum sensitivity or intermittently for reduced power consumption.
As the focus in this work was on environmental monitoring, power
consumption was an important consideration. We therefore used an
intermittent heater profile of 0.1 s on, 1 s off, which had been tested by
STM to give a good balance of sensitivity and power consumption.

Calibrations were performed under field conditions using two sets of
calibrations, with laboratory made solutions and cow slurry as the
respective sources of ammonia. The sources of ammonia were tested in
different experimental set-ups, schematically shown in Fig. 1. In every
experiment, two different sensors were run simultaneously: sensors 1
and 2 in the calibrations using ammonia from synthetic solutions, and,
because sensor 2 broke down, sensors 1 and 3 in the calibrations using
ammonia from cow slurry.

In the experiments using a synthetic ammonia source, ambient air
was fed through a modified head-space chamber of 10 cm height, and a
surface area of 0.25 m?, which was placed in a paddock of perennial
ryegrass. In passing over the soil and grass, the air picked up potential
gaseous emissions. However, in order to facilitate a calibration over a
wider range of concentrations, an additional ammonia source was in-
tegrated into the experiment. Thus, the main function of the head-space
chamber was to enrich the airstream with contaminants and to ensure
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Fig. 1. Schematic representation of the experimental set-up used for the cali-
brations using (a) synthetic ammonia, and (b) ammonia from slurry. In the
experiments using ammonia from solution, air flowed into the head-space
chamber, and from there through the ammonia donor solution, the sensor
evaluation chamber, and the ammonia scrubber solution. Experiments using
slurry were performed in the open air, with the sensors placed in a paddock
shortly after slurry spreading, off to the side of the infrared beam (shown as a
red dotted line). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

compatibility with future work.

The air from the head-space chamber was bubbled through 100 mL
of 0.1 M K; sH; sPOy4 solution, having a pH of 7.2 at standard conditions,
which was spiked with ammonium chloride. The buffered ammonium
chloride solution released gaseous ammonia into the airstream at a rate
which was modified by changing the concentration of ammonium
chloride and was calculated to decrease at most by 3% per hour (see
Fig. S1), which was acceptable for our purposes. Calculations are
detailed in the supplementary information.

The ammonia enriched air was led to a chamber containing two
sensors, and finally bubbled through a scrubbing solution, consisting of
100 mL dilute (0.02 M) phosphoric acid, in which gaseous ammonia
redissolved as NHJ. Stiff PTFE tubing was used to connect all vessels
within the system and a vacuum pump, calibrated daily to within 1% of
2 L/min over a 10-min time span was placed at the air outlet to provide
the airflow. Ammonium concentrations in the phosphoric acid were
determined by a certified laboratory, which performed spectroscopic
analysis using an Aquakem 600A (Thermo Scientific), after converting
ammonium to monochloramine and reacting with salicylate in presence
of nitroprusside [1]. Using the flowrate of air, an average concentration
of gaseous ammonia was calculated for the time-interval the ammonia
was collected.

Each experimental run allowed between 1 and 2 h for concentrations
to stabilize, as the sensor signal suggested that concentrations of gaseous
ammonia kept rising during this time. This was a result of ammonia
adsorption to the internal surfaces of the system and is unfortunately
unavoidable at low concentrations. When the signal had stabilized, the
ammonia scrubber solution was refreshed, and ammonia was collected
for exactly 1 h. The scrubber solutions used during stabilization were not
analysed.

In the experiments with ammonia from slurry, the sensors were
placed in a recently (1 to 5 days) spread paddock in which atmospheric
ammonia concentrations were monitored using a Bruker-OPS (Open
Path Air Monitoring System) from Bruker Optik GmbH. The spectrom-
eter emits modulated radiation in the infrared spectral range. This ra-
diation is focused by the telescope onto a distant retroreflector array
which reflects the radiation back, through the telescope onto the MCT-
Detector of the spectrometer. The infrared beam was directed diago-
nally across the paddocks and gas sensors were placed slightly off centre
in the paddock (see Fig. 1b), at the approximate height of the IR beam.
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Data were collected at three separate spreading events in March,
June, and August of 2021. The March and June experiments took place
at Teagasc in Johnstown Castle, Co. Wexford, Republic of Ireland; the
August experiment at AFBI in Loughgall, Co. Armagh, Northern Ireland.
Aerated and non-aerated slurry was used, and slurry was spread using
splash plate, trailing hose, trailing shoe, and injection on different
paddocks. No distinction is made in the data analysis between location,
season, slurry type and spreading technique.

To account for fluctuations in ammonia concentrations due to wind
and turbulence, and inherent differences between a point measurement
as made by the gas sensor and a field average as measured by the open
path IR beam, data was averaged over intervals of 60 min. In some cases,
shorter intervals were used where data collection was interrupted due to
equipment malfunctioning or shut down due to adverse ambient con-
ditions (e.g. rain). Where possible, exactly the same interval was used for
the MOS sensor and the FTIR, except for the background measurements,
which were sometimes taken at different times.

3. Linking sensor output to ammonia concentrations

The objective of these calibrations was to link sensor output to a
concentration of the target gas, in this case ammonia. While the sensor
signal was in the form of resistance (R), this was converted into
conductance (G = R™1), as the link with gas concentration is more
intuitive.

The interaction of a reducing gas such as ammonia with an n-type
semiconductor introduces electrons into the boundary layer, resulting in
an increase in conductance AG. The conductance of an n-type semi-
conductor Gs (Q 1 =S = CV~!s71) is determined by the number density
n (m’g), electrical charge e (C), and mobility u m? Vs of electrons
in the boundary layer and the effective cross-section A (mz) and length 7
(m) of the conductive boundary layer, according to:

A
Gy = ne/t? (€Y

This implies that, as long as electron mobility is not affected by
increased electron density, the increase in conductance will be propor-
tional to the amount of introduced electrons. Assuming an equal number
of electrons x is donated for every adsorbed ammonia molecule, the
change in conductance can thus be expressed as:

A
AG:QOSSAONoney? (2)

where Q (mol m™2) is the amount of ammonia adsorbed to the sensor,
SSA is the specific surface area (m?m~3) of the boundary layer, and N is
the Avogadro constant (mol_l).

The sensor conductance can be then expressed as a function of
adsorption:

Gs = Gy + AG = Gy + 10 3

where Gy is the conductance in background air and f (C m? mol~! v1
s71) is a constant equal to SSAeNexeu eA/¢. Assuming the simplest
adsorption reaction, the relationship between gas adsorption Q and gas
concentration C (pmol mol ™! = ppm) can be described with a single site
Langmuir adsorption model [11]:

KC
1+KC

0 = Qnax (4a)
where Qpnax is the adsorption maximum (mol m~2) and K is the equi-
librium constant (no units). This expression may be expanded with a
coefficient a to account for non-ideal behaviour [9], yielding:

KcC?

1+ KC* (4b)

0 = Quux

Under conditions of low site saturation, defined as KC* < < 1, Eq.
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(4b) simplifies to
0 = QnuKC” (40)
Substituting Q in Eq. (3a) gives:

Gs =Gy +SC” = Gy(1+SC) (5)

with S equal to fQuaxK, and S~ = S/Gy.

Eq. (5) can be rearranged to Gs/Gg = Ro/Rs = 1 + S C", which is
identical to the general expression for gas sensor response Ro/Rs =1 +
AC [5], except for the coefficient a. A coefficient has also been applied
elsewhere in the literature to describe gas sensor response [10,16,23].

4. Results and discussion

The objective of this study was to evaluate the use of MOS sensors for
detection of ammonia emissions from agriculture. Various studies on
MOS sensors have reported a much higher response to ammonia than to
other gases tested on the same sensor [16,18,20-22]. A secondary
objective was to investigate if that high sensitivity would extend to a
quasi-selectivity under agricultural conditions. To fulfil these objectives,
we performed two calibrations: using atmospheric air with ammonia
from a controlled synthetic source, and using atmospheric air with
ammonia emitted from cow slurry.

4.1. Calibrations with synthetic ammonia

In a typical experiment, the sensor signal took around an hour to
stabilize after initiating the gas flow or increasing the concentration of
ammonium chloride in the donor solution (see Fig. S2). The apparent
sluggish response of the sensor was a consequence of gas adsorption to
the internal surfaces of the set-up, and could not be avoided despite
using chemically inert PTFE tubing and reducing tube length as much as
possible.

Once the signal had stabilized, the system was left running for one
hour. The sensor signal obtained during this time was averaged and is
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Fig. 2. Sensor calibration data generated using sensor conductance (Gs) and a
synthetic ammonia (NH3) source. Unfilled datapoints had a verified ammonia
concentration less than the uncertainty of the validation method (0.1 ppm) and
were not used in the derivation of the model parameters.
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plotted in Fig. 2 against the average concentration of gaseous ammonia,
which was calculated from the concentration of dissolved ammonia in
the scrubber solution.

The analysis of ammonia concentration in the scrubber solution
resulted in a large number of negative concentrations, equivalent to
concentrations of gaseous ammonia of up to —0.1 ppm. This unexpected
result is not understood, but it suggests an uncertainty of at least +0.1
ppm in the ammonia concentrations. For derivation of model parame-
ters, we therefore only included data points with an ammonia concen-
tration >0.1 ppm.

The data in Fig. 2 have been described using Eq. (5). Under
controlled conditions, the preferred approach was to determine the
value of Gy, after which S~ and a were found via linear regression using a
double logarithmic plot of AG/Gy = Gs/Go-1 against C. However, the
uncontrolled conditions encountered in the field were not conducive for
determining an unambiguous value for the background conductance.
We therefore applied an optimization, whereby G, was varied and the
resulting parameters S and a were evaluated. The optimization crite-
rion was to give the highest average coefficient of determination (R%)
value based on predictions of both conductance data (Gs) and the log-
arithm of relative conductance increase (AG/Gg). This approach miti-
gated an overly strong influence on the fit of both high concentration
data points, of which there were few, and low concentration data points,
which were highly variable.

The above approach resulted in a non-ideality coefficient a > 1. This
is not supported by adsorption theory and is therefore considered an
artefact. The non-ideality coefficient was set to unity, which reduces Eq.
(2) to a linear equation. Linear regression was applied to the data to find
Gopand S, which were 22 and 4.2, respectively, for sensor 1, and 24 and
2.8, respectively, for sensor 2. The R? for all data points, including those
with NH3 < 0.1 ppm, were 0.93 and 0.89 for sensors 1 and 2, respec-
tively. Negative concentrations were set to zero for the calculations of
RZ

Sensor 1 performed much better than Sensor 2 when verified (i.e.,
measured in the scrubber solution) ammonia concentrations over 0.1
ppm were compared to those calculated from sensor conductance of Ggy
and S by linear regression. The difference between predicted and
verified concentrations, expressed as a percentage of the verified con-
centration was 4% on average with a standard deviation of 25%, for
Sensor 1, and 10 + 44% for Sensor 2.

Data at concentrations below 0.1 ppm were excluded from the cur-
rent data analysis, as the accuracy of the verification data was below
expectation. Assuming for simplicity that no gaseous ammonia was
present in these runs, we can use the sensor data obtained to gain some
insight on variability of the background sensor signal Gg. The conduc-
tance values of these low concentration data points showed a large
scattering, averaging 28 + 5 pS for Sensor 1 and 30 + 5uS for Sensor 2.
The predicted ammonia concentrations calculated from these conduc-
tance values, where the verified ammonia concentrations were below
0.1 ppml, using their respective calibration parameters were 0.06 ppm
on average with a standard deviation of 0.07 ppm for sensor 1 and 0.08
+ 0.07 ppm for sensor 2. It suggests that, for these sensors, a detection
limit of around 0.2 ppm might be appropriate. The detection limit will
be further discussed in the next section.

4.2. Calibrations with ammonia from cattle-slurry

In the experiments with cattle-slurry ammonia, both the sensor
signal and the ammonia concentrations measured by FTIR spectrometer
varied strongly within the 60-min measurement intervals used, as shown
in Fig. S3 of the supplementary information. These variations reflect
fluctuations in the ammonia concentrations due to changing wind
speeds and localized eddy phenomena. As the correlation between data
points within an interval was weak, the average values of all data points
within each interval were used for our data analysis.

Fig. 3 shows the average MOS conductance for the two sensors
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Fig. 3. Conductance (Gs) of (a) Sensor 1 and (b) Sensor 3, and (c) relative
conductance increase (AG/Go) for both sensors plotted against ammonia (NH3)
concentrations as determined using open path FTIR laser spectroscopy. Data
points represent averages of data collected over variable time intervals; error
bars represent 1 standard deviation of the concentration or conductance
recorded in these intervals. Dotted lines represent models as described with Eq.
(2) using Go = 24.1, S = 2.15, and a = 0.53 for Sensor 1 and G = 18.2, S =
2.44, and a = 0.51 for Sensor 3. The relative conductance increase for both
sensors is calculated as AG/Gog = Gs/Go-1. The open symbols deviate strongly
due to interference and were excluded from the fit.

plotted against average ammonia concentrations as measured by FTIR
open path spectrometry. In general, a positive correlation between
conductance and ammonia concentration was observed. The back-
ground measurements, which were taken from an untreated upwind
location, show the presence of between 3 and 14 ppb of ammonia and a
conductance between 20 and 30 pS on sensor 1 and between 20 and 24
uS for sensor 3. The correlation is very weak [R? > 0.05), as shown in
Fig. S4 of the supplementary information, which could suggest that
other factors dominate sensor response at these low concentrations.
For both sensors, a single data point deviated strongly from the
correlation (unfilled data point in Fig. 3), which was collected within the
first hour after spreading. A short-lived spike in conductance and
emission peaks of one or more additional gases immediately after
spreading may explain the deviation from the overall trend. None of the
other gases that were measured using FTIR (CH4, CO, H20) showed a
strong, short-lived increase in concentrations which could have
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explained this deviation and these can therefore be excluded as the
cause. This interference may be caused by volatile fatty acids, aromatic
compounds or reduced sulphur compounds, which show short-lived
emission peaks after application of slurry or manure [19,28]. There-
fore, this point was not included in fitting the model parameters to the
data.

Data was well-described using Eq. (2), with optimized background
conductance values of 24.1 uS for sensor 1 and 18.2 pS for sensor 3.
Respective sensitivities of 2.2 and 2.4 were found, and non-linearity
constants of 0.53 and 0.51. Average R? values, i.e. the average of R?
for the fit of Gg and R? for the fit of log(AG/Gy), were 0.88 for sensor 1
and 0.92 for sensor 3. For sensor 1, six data points were encountered
which had a value below the fitted background conductance of 24.1 pS.
All of these datapoints were collected on the same day, at low ammonia
concentrations (8 + 2 ppb). On that day, no data above 24.1 uS was
registered by sensor 1. Moreover, while the average ratio between data
points for sensors 1 and 3 was 0.8 + 0.05, for these datapoints, a ratio of
0.95 was found. The reason for these aberrations is not clear. In our
derivation of parameters, these datapoints could not be included as AG/
Go was negative, however, they were included in the calculating the R?
of the predicted conductance value Gs.

An even better fit was obtained with respective background
conductance values of 28.5 and 22.5 for sensors 1 and 3. Respective
values for S and a were 2.1 and 0.76 for sensor 1 and 2.0 and 0.69 for
sensor 3. In this case, however, almost half of the data points, including
all datapoints obtained in March, were below G for both sensors. The
resulting negative value for AG/Gg excluded these data from the dataset
used to derive parameters. The two very different fits imply that the
fitting parameters are useful to describe observed data, but care is
needed about using them to predict measurements outside of the data
range investigated.

For both fits, a different background conductance was obtained for
the two sensors. Moreover, the response to ammonia was apparently
different. However, the sensor sensitivity S was very similar in both fits
and for both sensors, while the non-linearity parameter a, differed be-
tween fits, but was quite similar between sensors. The similarities be-
tween the sensors become apparent when the relative increase in
conductance is plotted, as shown in Fig. 3c for Gy = 24.1 and 18.5. A
similar pattern was observed when the other fit results Gy = 28.5 and
22.5 were used. The similar behaviour when measurements were
normalized to the background behaviour was striking, and could indi-
cate that despite differences in the sensor material, sensor behaviour is
determined by the same reactions. Note however, that these similarities
in S~ were not found for sensor 2. Further research is needed to explore
this phenomenon.

While the model description of the data was excellent, there were
deviations. In the concentration range below 50 ppb, the predicted
concentrations were between 4 times lower and 3.5 times higher than
measured concentrations. Between 50 ppb and 1 ppm, MOS predictions
were up to 1.6 times lower and 2 times higher than FTIR measurements.
Nevertheless, in the latter range the average ratio between measured
and predicted concentrations was 1, with a standard deviation of 0.3.
Taking into consideration that averaged data was plotted over a period
with high fluctuations, as shown in Fig. S3, and that field averages
(FTIR) were compared to point measurements (MOS), the agreement
between predictions and measured concentrations is excellent.

4.3. Comparing synthetic ammonia data and slurry ammonia data

Sensor 1 was used both in the calibration with synthetic ammonia
and with slurry, which allowed a detailed look at sensor behaviour
under these two different conditions. A very different set of model pa-
rameters was derived using the synthetic ammonia data than using the
slurry data: an overview of parameters obtained for sensor 1 is given in
Table 1. The background conductance was slightly lower, while the
sensitivity parameter S was nearly double that used for the slurry
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Table 1

Fitted parameters for describing ammonia response for sensor 1, using data
collected in calibrations with synthetic ammonia and with ammonia from cattle
slurry, as well as all data pooled. Two fits are shown for the slurry data, the
second fit having a higher R?, but omitting many data points.

Data-set Go S a
synthetic ammonia data 21.6 4.2 1°
slurry data — fit 1 24.7 2.2 0.57
slurry data - fit 2 28.5 2.0 0.73
Pooled data 29.0 2.3 0.86

@ Fixed to 1 (see Section 4.1).

calibration compared to the synthetic ammonia calibration. The most
striking difference, however, was the values for a, being 1 and 0.57,
indicating a completely different behaviour. We note, however, that the
value for a became more apparent over concentrations ranging orders of
magnitude, which was not the case in the synthetic ammonia
calibrations.

While large differences were observed in the fitted parameters,
calibration data for the two set-ups were in surprisingly good agreement.
Synthetic ammonia data and slurry data are plotted together in Fig. 4.
When the optimization of Gy was performed for the pooled data, an
excellent result was obtained for G of 28.9, with resulting values for S~
and a being 2.4 and 0.89, and an average of R? = 0.93. At this high
background conductance, many low concentration data points were
omitted from the derivation of S~ and a, explaining why a was so close to
1. A second optimum was found at Gy = 25.3, with S = 2.2 and a = 0.66,
but the average coefficient of determination was considerably worse
with R? = 0.82.

A recurring observation in these fits is that the trend changes sub-
stantially when low concentration data are omitted. The reason for these
different results cannot be identified with certainty using the data ob-
tained in the current work. An explanation could be that the non-
selective nature of MOS sensors picks up variations in other gases
when ammonia concentrations are low. Alternatively, our model may be
too simple, being loosely based on low saturation adsorption to a single
type of surface site. A high affinity site with low surface density, and a
low affinity site with high surface density would lead to different
response curves at low and high ammonia concentrations. This, how-
ever, is outside of the scope of the current work.

4.4. Implications for environmental monitoring

One of the objectives of the current study was to evaluate these
prototype MOS sensors for environmental monitoring of ammonia. To
investigate this, the calibration parameters, obtained using synthetic
ammonia, were applied to the sensor data obtained in the open-field
after slurry spreading. These “sensed” ammonia concentrations were

150
y = 89.9x + 21.579 L@
R?=0.9557

= 100 -
! o
T 0 B

50 - o

°
0 - . .
0 0.5 1 15

[NH;] (ppm)

Fig. 4. Calibration data for sensor 1 obtained in the calibration using synthetic
ammonia (diamonds) and in calibration using slurry ammonia (circles), fitted
with a single model.
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plotted against FTIR measurements, as shown in Fig. 5. Ammonia con-
centrations as determined by the MOS sensor showed a slight positive
bias and were overestimated at low concentration as a result of the
difference in Gp and a. However, at concentrations above 0.1 ppm, the
agreement between predictions and measurement strongly improved.
Between 0.1 and 1 ppm, the predicted concentration averaged 1.2 + 0.3
times the measured concentration; between 0.2 and 1 ppm, this
improved to 1.0 & 0.2 times the measured concentration.

These results indicated that the MOS sensor is sensitive enough to
detect ammonia emission from agricultural soils after slurry spreading.
The results further suggest that concentrations can be reliably deter-
mined above 0.2 ppm, which the FTIR data unequivocally show can
realistically be encountered in the field. Applicability of the MOS sensor
for ammonia detection may be further expanded in combination with a
set-up to contain and concentrate emissions, such as a head—space
accumulator. Wang et al. [27] reported ammonia emissions of up to 7,
87, and 517 g/ha/d in soil fertilized with 0, 60 and 120 kg of urea-N, in a
closed chamber set-up. These values are equivalent to 0.25, 3.2 and 19
ppm after 30 min in a standard 10 cm head-space gas accumulator.
These data suggest that even unfertilized soil can emit ammonia at levels
measurable by the MOS sensor when used in conjunction with a head-
space chamber.

5. Conclusions

This work evaluated the sensitivity of a MOS based gas sensor to
measure emissions of gaseous ammonia in an agricultural setting. Cali-
brations were performed using synthetic ammonia from a donor solution
in semi-controlled conditions. Untreated atmospheric air was drawn
over a patch of perennial ryegrass at a fixed flow rate, but with no active
measures to prevent interference from other gases, temperature or hu-
midity control. Additionally, the sensors were tested in the open atmo-
sphere after slurry spreading in three different seasons. In both cases, the
correlation between sensor conductance and ammonia concentration
could be described using single site Langmuir adsorption models. An
optimization was applied to find the background conductance, which is
not easily established outside of a carefully controlled laboratory
setting. While a different set of parameters was found for the two ex-
periments, calibration data were very comparable, showing both the
limitations of the applied model and the reproducibility of the sensor.
Large deviations from the model line were found in the first hour after
spreading, suggesting the presence of an unidentified interferent gas.
More research is required to investigate if conditions for deviating data
can be established. The calibrations with synthetic ammonia were used
to calculate ammonia concentrations in the slurry experiment, based on
sensor conductance. In the range between 0.2 and 1 ppm, ammonia
concentrations were correctly predicted, with a standard deviation of
20% of the verified concentrations. This result can be viewed as sug-
gesting that these sensors behave as selective indicators for ammonia
under environmental conditions, except immediately after spreading.
The results suggest that the ST MOS gas sensors evaluated in this work,
have a strong potential for environmental monitoring of agricultural
emissions. While the concentration range for reliable measurement is
considerably less sensitive than state-of-the-art technology (e.g. FTIR),
the low power consumption and cost of MOS sensors are considerable
advantages over existing techniques. The application of MOS sensors
could enable monitoring for long periods at remote locations due to a
considerable reduction in costs, labour and energy requirements. These
advantages would facilitate monitoring at a much higher frequency and
density. It is clear that this technology has potential for environmental
monitoring of gaseous ammonia emissions from agriculture and tar-
geting of measures to reduce them.
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