Sensoren und Messsysteme 2022 - 10. — 11.05.2022 in Niirnberg

Validation of the suitability of electrical impedance spectroscopy for the in-situ
monitoring of nitrate in sandy soil

Xiaohu Ma, M. Sc., Luca Bifano, M. Sc., Markus Oehme, B. Sc., Prof. Dr.-Ing. Gerhard Fischerauer, University of Bay-
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Abstract

This study presents the design and development of an impedance sensor to detect the nitrate concentration in soils based
on the sensitivity of the soil dielectric constant to ion conductivity and on electrical double layer effects at electrodes. The
impedance of samples with nitrate-nitrogen concentrations ranging from 0 to 15 mg/L was measured at frequencies be-
tween 20 Hz and 5 kHz and noticeable conductance and susceptance effects were observed. Based on the electrical im-
pedance spectra and the known water content, two regression models using long short-term memory (LSTM) recurrent
neural networks were implemented to predict the nitrate-nitrogen concentration in artificial soil (quartz sand). A coefti-
cient of determination of R? = 0.9580 was achieved with a model including the density of the soil as a feature, and
R? = 0.9295 was achieved with a model that did not include the soil density as a feature. This shows that the nitrate-
nitrogen concentration could be determined almost independently of soil density. Hence, the sensing system has the po-
tential to be used in real time and in situ to monitor nitrate concentration of soils.

Keywords: Nitrate concentration, electrochemical impedance spectroscopy, EIS, artificial neural network, ANN, LSTM

1 Introduction phase is an ion solution containing the nutrients like nitrate
necessary for soil fertility and has a high static dielectric
Nitrate nitrogen (nitrate-N) is one of the most important  constant of between 40 and 81 at room temperature, which
nutrients for securing the yield and quality of harvested  is strongly influenced by the ion concentration—the higher
products. However, excessive content of nitrate in soil  the ion concentration, the smaller the dielectric constant [5,
leads to environmental problems. In Germany, nitrate isthe ~ 6]. Water is a polar liquid with distinctive dielectric relax-
main source of pollution for the groundwater. Nationwide  ation and therefore has a high static dielectric constant of
more than a quarter of all near-surface groundwater failsto 81 at room temperature. With the increase of ion concen-
meet the nitrate target of the European Water Framework  tration, the ions orient the water molecules around them,
Directive [1]. Currently, nitrate concentrations in soils are  thereby reducing the dielectric constant by a local high-
measured using the flow injection analysis [2] and spectro-  field effect [6].
photometric methods [3] in the laboratory. Both methods
require expensive equipment, and the measuring processes
are complicated.

In an electric A-C field, energy is absorbed and stored in
soil-solution mixtures. The effect of energy storage is con-
nected with the real part €'(w) of the permittivity, while
Impedance spectroscopy and effective media models were  the energy absorption is connected with the imaginary part
used in [4]. The results demonstrate the potential of the ap-  ¢"(w) of the permittivity. Here, @ denotes the angular fre-
proach, but model-based method rely on soil properties and  quency.

conditions, and the individual influences of water, nitrate,
and soil composition remain unclear. For this reason, the
resulting error is less than satisfactory. To date, a reliable
low-cost and in-situ nitrate monitoring system is still not
available and much needed. This work investigates the
merits of solutions based on impedance sensors.

Figure 1 shows a schematic representation of dielectric

losses in soils as a function of frequency [7]. Various ef-

fects contribute to the complex dielectric constant. It is ob-

vious that the ionic conductivity and the double-layer effect

play major roles in the imaginary part of the soil permittiv-

ity at lower frequencies. Both effects are positively corre-

lated to the ion concentration [§]. At the same time the dou-
; ; P ; ble-layer effect leads to a frequency-dependent capacitance,

2 Dielectric prope rties of soil which also influences the real part of the permittivity [8].

To be able to interpret the impact of ion concentration on

the dielectric spectrum of soils, it is important to under-

stand the dielectric properties of soils. Soil is a three-phase

system, composed of the solid, liquid, and gaseous phases.

This results in a dielectric constant, or relative permittivity,

of between 2 and 14, depending on the soil. The liquid
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Fig. 1 Contributions to the imaginary part &/ = ¢" /g, of
the relative permittivity of soil (after [7]). B: Bound water
relaxation; MW: Maxwell-Wagner effect; S: Surface con-
ductivity; X: Crystal water relaxation.

3  Measuring the impedance of soil
samples

As material under test (MUT), dry quartz sand with six
different nitrate-N concentrations was examined, viz., 0, 2,
4, 6, 8, and 10 mg/kg. 500 g of pure quartz sand were en-
riched in a beaker with sodium nitrate solutions prepared
according to international standards [2]. After mixing and
drying, the sand-nitrate mixture was examined at different
water contents (the deionized water concentrations were
between 0 and 150 g/kg). The water content here is the
ratio of the mass of water and mass of dry mixture. Dry-
mixture mass is expressed by the mass of mixture dried (up
to the constant weight) at 105 °C. In agriculture, the mass
water content is not used frequently but a necessary step
for the measurement of volumetric water content with
gravimetric methods, as will be seen later. In the field, the
volumetric water and nitrate-N contents offer more infor-
mation about the ratio of pores filled with water and make
it easier to calculate the quantity of water and nitrate in an
area. So the above mentioned water and nitrate-N mass
contents were converted to volumetric contents by

My _ Mg Oy

Oy = 7 7 =pg -0y, and )
m m -
9N=7N=%=ps~ml\,. (2)

where 0,, and 0, respectively are the volumetric water
and nitrate-N contents, ®,, and o, are the corresponding
mass contents, m,, , m, and mg are the masses of water,
nitrat-N, and sand in the measurement volume ¥, and pg
is the density of dry sand in the measuring cell. Obviously,
even when the mass content remains constant, the volu-
metric content can vary.

To investigate various soil mixtures, the measuring cell
shown in Figure 2 was used. It consists of two opposing
square plates made of PTFE with a side length of 15 cm
and two circular stainless steel electrodes with a diameter
of 13 cm centered in them, forming a plate capacitor with
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an electrode spacing of 1 cm. The MUTs were filled into
the space between the electrodes until the material was
flush with the top edge of the measuring cell. Care was
taken to keep the bulk density as planned.

stainless steel

13 cm

a) ' 15 cm

Fig. 2 Parallel-plate impedance sensor. a) Cross section. b)
View of the right plate from the left.

The impedance Z = |Z | e = R+ jX was measured over a
frequency range from 20 Hz to 5 kHz using an Agilent
E4980A LCR meter (98 measurement points per frequency
sweep). For electrochemical systems, lower frequencies
(as low as 1 mHz) would provide more information, but
would also take more time for the measurement. Therefore,
as we are interested in fast measurements over larger areas
(agricultural fields), we restricted the frequency to values
above 20 Hz. At each frequency, both the apparent
impedance |Z] and the impedance phase ¢ were recorded
and then evaluated in Matlab. Each MUT was repeatedly
measured 20 times.

Figure 3 shows the measured frequency-dependent con-
ductance G =Re{Y } =Re{l/Z } as a function of nitrate-
N and water concentrations. G increases with increasing
nitrate-N and water contents, with the nitrate-N sensitivity
being significantly greater than the moisture sensitivity.
This demonstrates the potential for in-situ monitoring of
the nitrate-N concentration in soil with water as influence
quantity, but also emphasizes the need for prior calibration.
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Fig. 3 Measured test cell conductance as a function of the
nitrate-N concentration (in mg/L) and of the water content
(in g/L) in artificial soil (quartz sand), and of frequency.
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Fig. 4 Measured test cell susceptance as a function of the
nitrate-N concentration (in mg/L) and of the water content
(in g/L) in artificial soil (quartz sand), and of frequency.

Likewise, Figure 4 shows the measured frequency-depen-
dent susceptance B = Im{X} = Im{1/Z} as a function of
nitrate-N and water concentrations. In the low-frequency
region from 20 Hz to 1 kHz, B increases with increasing
nitrate-N and water contents. This can be explained by the
electrical double-layer effect, which is strongly related to
the ion concentration [8]. It may provide a possibility to
monitor the nitrate-N concentration at low frequencies.

4  Evaluation with LSTM

The data in Figs. 3 and 4 suggest that the designed imped-
ance sensor can measure the nitrate-N concentration, pos-
sibly with prior calibration. It may have the potential to
monitor the nitrate-N concentration in soils in situ. As cal-
ibrations to take into account specific soil types and water
content are likely to require too much time and effort, we
looked for ways to get rid of the need for calibration. The
reasoning is about the following: impedance spectra con-
tain an abundance of signal features. This richness of infor-
mation should allow one to estimate both analyte concen-
trations and influence quantity values (soil density, water
content, etc.). The estimation must be automated, which
calls for a machine-learning algorithm.

We followed this line of reasoning and used long short-
term memory (LSTM) recurrent neural networks (ANN) to
build regression models to detect the nitrate-N in sandy
soils. The LSTM networks are capable of learning long
term dependencies [9], which makes them attractive for the
evaluation of impedance spectra.

Before the model training, the input data were centered and
scaled to have zero mean and standard deviation 1. Then
the impedance at each frequency was passed to a memory
cell (Fig. 5). In Fig. 5, 6 and tanh respectively denote the
activation functions (14 e ™)™! and tanh(x) , and
Sy i, 0., ¢, tespectively represent the forget gate, input
gate, output gate, and cell candidate at the frequency f .
C, and h, are the cell state and hidden state. U, is the
input data of the frequency sequence. The hidden state is
passed to the next ANN layer as input.
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Fig. 6 LSTM networks structure.

Various LSTM recurrent ANN architectures were tested
with different numbers of LSTM layers, hidden units, and
dense layers. The final architecture comprised two LSTM
layers and two dense layers with drop-out between the lay-
ers. An additional layer in front of the output layer (denoted
as ReLu Layer in Fig. 6) is used to secure a positive output.
Our impedance measurements provided 2520 spectra (126
sand compositions x 20 repetitions). These were split into
training and validation data in the ratio 80:20. After the
training process, the ANN model was tested using 360
spectra unused up to this point. Hyperparameters including
batch size, units of each ANN layer, and solvers were tuned
until satisfactory results were found.

Two regression models using the above-mentioned struc-
ture were tested. The first one takes the impedance data,
soil density p,, and volumetric water content 6, as fea-

tures. To be more specific, the feature vector was
Uf = (st G/ > pb5 ewaXfaRfa Zf >(pf) . (3)

The other model did not include density as a feature. Hence,
the feature vector in this case was

U,'=(B;, G0y, X R,

Zl.0). @

Both models were tested using identical parameters. For
brevity’s sake, we only present results for the following pa-
rameter values: respective number of neurons in the two
hidden layers (LSTM layers): 77 and 45; batch size: 16;
respective number of neurons in the two dense layers: 25
and 1.

The performance of the two models is illustrated in Fig. 7.
To quantify the results, the coefficient of determination
R’ between actual nitrate-N concentration and concentra-
tion estimated from the measured impedance spectra was
computed by
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Fig. 7 Nitrate-N concentrations predicted from impedance

spectra by LSTM-ANN with soil density (a) included and

(b) excluded as feature (model 1 and 2, respectively).

Z(Vtest—i_vpre—i )2
R?=1-1 — )
Z(Vtest—i _Vtest )2

Here, 1 is the case index, V ; and V. ; are the actual
and predicted nitrate-N concentrations of the test data, re-
spectively, and V,
Both models predict the concentration very well with
R? = 0.9580 for model 1 and R? = 0.9295 for model 2.
The maximum allowed nitrate-N concentration in arable
soil is about 50 and 150 mg/L at depths of 30 and 90 cm,
respectively. A measurement based on the approach inves-
tigated can clearly resolve such values very well. And,
although model 1 performs slightly better, the described
LSTM neural networks are able to learn the relationship
between impedance spectra, water content, and nitrate-N

concentration even when the soil density is unknown.

5 Conclusion

Our results demonstrate that nitrate-N concentrations of
soils can be estimated from measured impedance spectra of
soil samples with errors that are compatible with field re-
quirements (well below the maximum allowed concentra-
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is the mean of the actual concentration.

tions). They also demonstrate that this estimation is robust
against important influence quantities such as soil density
when the impedance data are evaluated with LSTM recur-
rent artificial neural networks.

Our further goal is to conduct more experiments to expand
the measuring range and include more soil types like pot-
ting soils, brown soils, and clay mixtures. In this way, we
hope to implement a method based on machine learning
that is capable of measuring nitrate-N concentrations virtu-
ally independent of soil properties. We are aware, however,
that true field measurements cannot rely on bulky and ex-
pensive laboratory equipment, but require application-spe-
cific printed-circuit-board impedance spectrometers.
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