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Abstract In this paper, a mobile sensor for on-site analysis of soil sample extracts is
presented. As a versatile tool for scanning ion concentrations in liquid samples, it espe-
cially allows the analysis of NO3;, NHy, K and PO,. The sensor mainly consists of a
microfluidic chip in which the sample ions are separated in an electric field (capillary
electrophoresis) and the individual ion concentrations are detected by a conductivity
measurement. For the adaption of the device to field conditions, two major concerns were
addressed. Firstly, nano-porous material was used as a barrier between the sample con-
tainer and the analysis channel of the microfluidic chip. This prevents pressure driven
leakage of the sample into the chip due to non-horizontal orientation of the device. Sec-
ondly, a new method for the injection of the sample into the chip was used. It reduces the
number of fluidic connections between chip and operation device to three instead of the
commonly used four connections. The sensor performance was tested on multi-ion solu-
tions with calibration series for NO3, NHy, K and PO,. For the first on-site test, a quick soil
nutrient extraction procedure with water was used. The sensor data was compared to
standard laboratory results. The potential of the sensor for soil nutrient analysis is
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discussed together with required improvements of the sensor performance and of the
nutrient extraction procedure.

Keywords On-site soil nutrient sensor - NPK - Microfluidics - Lab-on-a-chip - Capillary
electrophoresis - Capacitively coupled conductivity detection C*D - Capacitively coupled
conductivity measurement C*M

Introduction
State of the art of soil nutrient analysis

Monitoring soil nutrients is an essential task for sustainable agriculture (Bindraban et al.
2000; Roberts et al. 2013). In this respect, it is important to know if the soil gets back what
has been taken from it during crop growth and if the procedures for soil fertilisation do not
exceed the plant’s demand. With this information, environmental hazards may be reduced
and expenses optimised.

The availability of soil macronutrients N, P and K in the ionic form of NO3z;, NH,4, PO,
and K is of special interest, as these ions are directly available for plant roots. Amongst
them, NOj; is of central importance for plant physiology (see Ho and Tsay 2010). In
standard laboratory tests, these ions are extracted by shaking soil samples with an
extraction solution and the ion concentrations in the extracts are typically measured with
Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) or Atomic
Absorption Spectroscopy (AAS) after a filtration procedure. The cost of this analysis is
high, the sample treatment is complicated (e.g. soil samples have to be stored at low
temperatures (4 °C) for N concentration analysis) and results are obtained only after a
delay, especially in regions with low density of laboratory infrastructure. Devices for fast
on-site analysis of soil nutrients are therefore under intensive research.

Many researchers have tried simplified extraction procedures, which allow on-site
measurements in soil sample extracts and subsequent measurement with portable devices.
Ion selective sensors [ion selective electrodes (ISE) or ion selective field effect transistors
(ISFET)] were used by Artigas et al. (2001), Kim et al. (2007) and Shaw et al. (2013).
Colorimetric test strips with optical read out devices have been frequently investigated
(Scholefield and Titchen 1995; Wetselaar et al. 1998). These techniques have to be tuned to
the analyte ions by the selection of suitable ion selective membranes or test strips. Hence
the simultaneous measurement of various nutrients is complicated or demands the use of
several instruments.

Fertility related parameters of soil samples have been investigated with reflectance
measurements on soil samples in the visible, near and mid-infrared ranges of the elec-
tromagnetic spectrum [soil reflectance spectroscopy (SRS), for literature overviews see e.g.
Schirrmann et al. (2013), An et al. (2014), Vohland et al. (2014)]. Together with site-
specific multivariate calibrations (see e.g. Shi et al. (2012) and Viscarra Rossel and
Behrens (2010) and cited papers therein) remarkable results were achieved e.g. in mea-
surements of soil organic matter (SOM) and total nitrogen content (N,). The short term
availability of N, P and K was studied with SRS as well but especially for NO; concen-
trations, a key parameter for short term nutrient availability, no clear correlation with
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standard tests was found [R* = 0.5 by Shibusawa (2003) and R?=0.0 by Viscarra Rossel
et al.(2000)].

Several mobile units for testing of soil fertility parameters from a field vehicle have
been investigated (on-the-go soil sensor systems). Soil samplers on a tractor allowing on-
the-go NO3; measurements with ISE or ISFET sensors were presented by Birrell and
Hummel (1997, 2001), Sibley et al. (2010). Vehicles using SRS can directly scan soil
parameters without the need for a sampling mechanism. A system presented by Christy
et al. (2006) was marketed by Veris Technologies, USA. The technique showed promising
performance in measurements of fertility related parameters like SOM and N, (Kodaira
and Shibusawa 2013; Schirrmann et al. 2013). Kodaira and Shibusawa (2013) evaluated
the correlation of NO5 concentrations predicted by SRS with laboratory measurements but
found a low correlation with R* = 0.5.

In summary, a technology for sensing ionic forms of soil macronutrients N, P and K
with one portable device is still missing. The present study expands the techniques of
mobile ion concentration measurements in soil sample extracts with recent research in the
fields of Microfluidics. This research area aims at the integration of laboratory procedures
with miniaturised systems (lab-on-a-chip (LOC) systems or micro total analysis systems
(LTAS)) with functionalities like fluid handling (mixing, separation, pre-concentration),
activation of micro-reactions, chemical analysis and many more. The central interest lies in
miniaturised portable and user-friendly devices for environmental analysis, chemistry,
medical technology and many more applications.

Objectives

A LOC device capable of measuring the most important plant nutrient ions in soil sample
extracts is presented. The paper focuses on the following objectives:

1. Demonstration of the sensitivity of the LOC device to macronutrient ions NO3, NH,, K
and POy,.

2. Characterization in field conditions with water-extracted soil samples including
comparisons to standard laboratory measurements.

3. Discussion about the potential of the sensor for measurements of additional ions (Cl,
SO4, Ca and Na).

4. Discussion of needed advancements of the sensor performance as well as of the soil
nutrient extraction procedures.

Materials and methods
Basics of capillary electrophoresis

The sensor presented uses the principle of capillary electrophoresis (CE) (Ewing et al.
1989; Kuhr 1990; Roth et al. 1991) to separate different ion species of a liquid sample by
an electric field and to move them past a detector one after another. CE is performed in a
buffer-filled capillary to which the sample is introduced from one end, so that a few per
cent of the capillary length are filled. With an electric voltage between the ends of the
capillary, the sample ions migrate with a speed dependant on their size and charge. This
causes the separation of the ion species into plugs which independently pass an ion detector
at the opposite capillary end. Each ion plug causes a peak in the recording of the detector
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signal (electropherogram) and the peak area scales linearly with the ion concentration (at
low concentrations where the ion activity equals the ion concentration).

CE was originally setup with tubular capillaries with typical length of several hundred
mm. The long capillaries allow good separation quality in numerous analytical applica-
tions. In cases where also short capillaries (length of a few tens of mm) yield separation of
all analytes (e.g. analysis of small inorganic ions), the integration of the setup to a
microfluidic chip is an attractive alternative [microchip capillary electrophoresis MCE, see
e.g. Fercher et al. (2010a), Laugere et al. (2003), Tanyanyiwa and Hauser (2002)]. This
allows strongly miniaturized setups especially for mobile devices [see e.g. Becker et al.
(2008), Girtner et al. (2009), Kuban et al. (2007), Puchberger-Enengl et al. (2013), Smolka
et al. (2013)].

Setups of CE for the analysis of soil nutrients have been presented by Howald et al.
(1995) and O’Flaherty et al. (2000). Due to the set-up with classic capillaries, the devices
are bulky and not suitable for untrained users. Studies of soil nutrient measurements based
on MCE devices have not been presented so far.

CE and MCE ion detectors are often based on a conductivity measurement [for general
reviews see e.g. Guijt-van Duijn et al. (2004), Swinney and Bornhop (2000), Vandaveer
et al. (2004)]. As the conductivity is influenced by all charged sample components, this
principle is practically universal for ion detection (Coltro et al. 2012). A frequently used
conductivity measurement is built with two electrodes which are separated from the liquid
in the analysis capillary by an insulating material (the capillary wall in the case of CE or an
insulation layer in MCE). One electrode is excited with a high frequency (HF) voltage
signal. The second electrode is connected over a sensitive current measurement device to
the ground potential of the HF source. This setup generates and measures a local capac-
itively coupled current in the liquid of the capillary. The measured signal varies when
passing ions change the conductivity near the electrodes. This technique has been studied
by many researchers on microchips and is typically called capacitively coupled contactless
conductivity detection or measurement (C*D or C*M) (Fercher et al. 2010b; Fracassi da
Silva and do Lago 1998; Kuban and Hauser 2009; Zemann et al. 1998).

The research on the device presented was focused on the set-up of a stable operating
mobile device. In practice, such a mobile device will not be kept aligned horizontal and
thus pressure differences will occur between the liquid containers used. This effect com-
plicates the liquid analysis, which demands well-defined injection of nanoliters of the
sample (Karlinsey 2012). Stable conditions of the liquids in the measurement system have
been achieved by the integration of a nano-porous filter at the sample inlet of the chip,

(a) Detection electrodes (b) Detection electrodes (C)
Sample injection point I Sample injection point
]
1 1 | 1 I
Y A I 1
|
I I
5mm Microchannel Microchannel

Fig. 1 Two chip layouts have been developed, one with a 44 mm long channel (a), one with a 64 mm long
channel (b). The design (a) was used for all measurements in this paper. Unit of three fully processed chips
with mounted sample reservoirs (c)
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which drastically dampens pressure driven liquid flow but allows penetration of ions driven
by electric fields. Furthermore, the presented device is simpler than other designs as only
three microfluidic connects are used and no mechanical pumping of the sample is required.

Device fabrication

The central part of the nutrient sensor is the MCE chip, which mainly consists of a micro-
channel with the C*D detection electrodes at one end. The channel has one inlet to inject a
buffer solution and one inlet for the sample injection (sample injection point). Designs of
the microchip and prototype chips are shown in Fig. 1. Each chip is 16 mm x 26 mm. In
all measurements in this paper, the channel was 44 mm long (distance between sample
injection point and detection electrodes), 100 um wide and 55 pm high.

The chips were fabricated on a rectangular glass wafer (100 mm x 100 mm). In total,
18 chips were realized per wafer. The fabrication steps are shown in Fig. 2. Briefly, the
measurement electrodes are structured on the glass substrate by a standard lift-off process.
After application of a 17 pm dry film photoresist (Ordyl, Elga Europe, Italy) as an insu-
lation layer, the channel is patterned in another 55 um thick resist layer by

Fig. 2 The chip production Channel structure with electrodes
process in cross-section along the
channel: a Forming of the Cr-Au (@) Detection electrodes
electrodes by evaporation and lift .:.! / Glass
off process. b Hot roll lamination | |
of 17 pm Ordyl dry film resist,
flood exposure with ultraviolet (b) v Ordyl 55 ym
light (UV) and deposition of —Ordyl 17 pm
55 pm Ordyl dry film resist.
¢ Generation of the channel (c) —
structure by selective UV
exposure and development of the
photosensitive dry film resist
Ordyl. d Processing of the
polymethylmethacrylate (d) 900 pm 900 uym
(PMMA) cover sheet by » < » <
computerized numerical control m il I3 —PMMA 55 pm
(CNC) drilling. e Bonding of a 153'
um

nano-porous polycarbonate track (e) PCTE membrane.

B

4
_|

Microchannel

Cover sheet

etched (PCTE) membrane. [ —
f Bonding of the cover sheet to
the chip by hot roll lamination. Bonding by hot roll lamination
g Processing of the protection (f) | = .
layer by CNC drilling. h Bonding % H
of the protection layer by hot roll
lamination
Protection layer, CNC drilling
(9) 900 uym 900A|.!m 900 um
> < cihilliaihi
(- "1 — Lamination

Bonding by hot roll lamination sheet 125 ym

(WN=N 4 —]
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photolithography. The channel is sealed by a cover sheet containing a nano-porous
membrane. Further details are given in Smolka et al. (2013).

Measurement set-up and injection procedure

Figure 3 depicts the schematic of the chip in the measurement setup. First, 0.16 ml of the
sample is inserted into the sample reservoir with a manual pipette. The buffer inlets of the
chip are connected to tubes, each leading into a bottle. One of these bottles (pressure
bottle) can be switched to 100 kPa over-pressure to pump the buffer through the chip into
the second bottle (collection bottle). The over-pressure is generated with an air-filled
syringe of a syringe pump (neMESYS, cetoni GmbH, Germany). This procedure is used to
fill the chip with buffer and to flush it after each measurement.

A Pt electrode dips in each bottle and into the sample reservoir. By applying electric
voltages between the electrodes, the electrophoretic effect transports the sample ions into
the chip and through the micro-channel.

Without electric voltage, the nano-porous membrane blocks the sample flow into the
micro-channel. This prevents self-driven injection by pressure differences due to unequal
levels of the liquid in the reservoirs or due to diffusion. In contrast, a high injection voltage
(Uinj) between sample reservoir and the pressure bottle causes an electrophoretic motion of
sample ions through the pores of the membrane into the micro-channel. After switching off
of the injection voltage, a sample plug has entered the chip. The duration #; of Ujy,; defines
the length of the sample plug in the microfluidic channel. This process is visualised in
Fig. 3 with a voltage Uiy (typically —2000 V) between sample reservoir and pressure
bottle.

Varying the plug length allows adjusting the sensor properties: a prolonged injection
time increases the amount of injected sample and therefore increases the sensitivity of the
sensor. However, excessive sample loading leads to overlapping peaks. Thus the injection
time has to be suited to the investigated chemical compounds.

After sample injection, the high voltage U, between the two bottles is applied. To
suppress further flow of sample ions into the micro-channel, the voltage in the sample
reservoir is adjusted to get a slight current flowing back to the sample electrode. This
means that all remaining sample ions are drawn back towards the sample electrode, as is

Sample ;= 2000 v
reservoir

Usep = -2000 V]

Detection electrodes

Collection bottle Pressure bottle

Fig. 3 Schematic of the sample injection: a high potential difference Ujy; is applied between pressure bottle
and sample reservoir. This causes sample ions to pass the membrane and to enter the separation channel. In
the case depicted, the voltage pattern is suited for anion injection
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the case for a voltage of —1600 V in the sample reservoir and —2000 V in the collection
bottle.

The applied voltage pattern causes the injected ion plug to migrate towards the detection
electrodes. During the motion, the individual ion species split according to their elec-
trophoretic mobilities and ion packages pass the detector independently. The detector
signal is recorded (electropherogram) and the peak areas are evaluated with an algorithm
for baseline and peak search and peak area integration (implemented in OriginLab,
OriginLab Corporation, USA).

The voltage patterns described are suited for the injection and separation of anions. For
cation measurements, all voltages have to be reversed. A summary of the applied voltages
and switching times is given in Table 1.

Reagents and samples

Chemicals were purchased from Sigma-Aldrich GmbH, Austria. All chemical solutions
were prepared with de-ionised water from a Millipore system (Hydrolab, Poland, ion
exchange resin HY/OH™, electric conductivity <0.2 pS/cm). The buffer consisted of
30 mmol/l pr-histidine (His), 30 mmol/l 2-(N-morpholino)ethanesulfonic acid (Mes),
4 mmol/l crown-6-ether and 0.1 % methyl cellulose at pH of 6.5.

All calibration samples were prepared in 30 mmol/l His/Mes solution from 200 mmol/l
stock solutions of KNO5; (NH4)H,PO,, CaCl,, and Na,SO,. All filtered soil extracts were
mixed with 200 mmol/l His/Mes stock solution in 5.55-1 volume ratio, so that the same
concentration of 30 mmol/l His/Mes was reached. This high background concentration of
30 mmol/l His/Mes increases the sample conductivities so that the effect of varying sample
composition on the injected sample amount is reduced [effect of field amplified sample
stacking, see e.g. Bharadwaj and Santiago (2005)]. Further on, the addition of His/Mes
buffer stabilises the sample pH around 6.5 where PO, is mainly present in the single
charged form H,PO,". In the following discussions of electrophoresis experiments, PO,
and H,PO,~ are therefore used synonymously.

Table 1 Steps of the measure-

ment procedure for anion and Step Uinj (V) Usep (V) Duration (s)

cation analysis (Uinj and U, are .

defined in Fig. 3) Anion measurement
1 Flush 15 s, wait 15 s 30
2 Injection —2000 —2000 0.6
3 Separation —1600 —2000 60
4 Flush 15 s, wait 15 s 30
5 Injection —2000 —2000 1.2
6 Separation —1600 —2000 100

Cation measurement

Flushing starts directly after each 7 Flush 15 s, wait 15 s 30

measurement, enabling a 8 Injection +2000 +2000 0.6

continuous measurement 9 Separation +1600 +2000 60

sequence
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On-site soil nutrient extraction and reference measurements

The sensor was tested with a soil nutrient extraction with de-ionised water (DIW), the
concentrations of the four macro-nutrient ions in the DIW extracts are named Cno,, Cng,»
Cx, Cpo,. DIW extraction was chosen for this first sensor test, as no additional ions are
added to the extracted sample. Cross-sensitivities to high background ion concentrations
are thus avoided. This procedure is expected to be adequate for on-site extraction of NO3™
as good correlations to KCI extraction were shown in a measurement series by Shaw et al.
(2013). In contrast, the extracted amount of the macronutrients NH,", K* and PO, does
typically not correlate to extracted amount with standard solutions like CaCl, for NH4, Ca
acetate lactate (CAL) for K™ and PO,. DIW extraction is therefore yielding the water-
extractable amount of these three ions.

14 soil samples were taken from experimental fields of Warmia and Mazury University in
Olsztyn, Poland (53°46'N, 20°28'E). The samples represented four different soil types: Haplic
Cambisol, Stagnic Luvisol, Gleyic Phaeozem and Hortic Anthrosol. Ateach sampling point, three
partial soil samples were taken using an Edelman Auger from the topsoil down to a depth of
300 mm. These partial samples were mixed to obtain 200 g of fresh mass. The mixed samples
were ground with pestle and mortar and sieved through a 1 mm mesh to discard organic debris and
large particles. For the on-site extraction, 15 g of the sieved soil were dosed with a portable scale.

The remaining sieved soil was frozen and sent to a soil laboratory for extraction and
analysis. The values of Cnu, and Cpo, in the samples obtained were too low to be
quantified by the sensor (see results in Sect. 3). Thus the laboratory procedure is only
described for NO;~ and K. Other ion concentrations like SO427, Ca®" and Na™ were not
quantitatively considered in this first sensor test.

The following laboratory extraction and analysis methods were used:

— NO;3;™ was extracted in un-buffered 1 % solution of K,SO, and the ion concentrations
were measured by colorimetry.

— K% was extracted with Egner—Riehm’s method [see e.g. Oreshkin (1980)] in 0.1 mol/l
calcium lactate (buffered at pH 3.6) and the ion concentrations were measured by
atomic emission spectroscopy (AES).

For the on-site extraction, each 15 g soil sample was mixed with 30 ml of de-ionized water
in a 50 ml plastic container (1:2 ratio of soil to water) and shaken for 15 min with an orbital
mini shaker (rotation frequency 1 Hz). The suspension was filtered through 0.22 pm syringe
filters (combined glass and polymer filter from Carl Roth GmbH, Austria). 11 ml of filtered
extract was produced for each sample. 1 ml was taken for the sensor measurements. 0.18 ml of
concentrated His/Mes buffer (200 mmol/l) was added to adjust the concentration of 30 mmol/l
His/Mes buffer in the sample. The remaining 10 ml of the filtered soil sample extract were
frozen and sent to a chemistry laboratory for measurements of NO;~, NH,+, K* and PO, ion
concentrations by inductively coupled plasma atomic emission spectroscopy.

Results and discussion
Measurement parameters

Solutions containing C1~, NO3~, SO,*~, H,PO,~, NH,", Na*, Ca®", and K" were used
for the sensor calibration. The concentrations of NO;~, NH,*, H,PO,~ and K were
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varied in the range of 5-500 umol/l. The other ions were added for testing the complete
separation of the typical soil sample matrix. The maximum injection time that allowed
separation of the investigated ions was 0.6 s. The sensitivity of the H,PO, measurement
was only half the values for NO;~, K™ and NH,". This can be explained by the compa-
rably low electrophoretic mobility of H,PO,™ ions, which causes lower signal response of
the detector.

The sensitivity of the H,PO,~ measurement can be increased with a longer injection
time. With #,; of 1.2 s, it reaches a similar value to NO;™, K* and NH,* measurements
with 0.6 s injection time. However, the NO; ™~ peak is covered by the C1~ and SO,*~ peaks
and can no longer be resolved (see Fig. 4). Thus this sensitive H,PO, measurement has to
be done in a separate run.

Table 1 shows all steps of a nutrient measurement including the optional measurement
of H,PO,~ with increased sensitivity. Prior to each measurement, the chip is flushed with
fresh buffer by applying 100 kPa over-pressure in the pressure bottle for 15 s. Pressure
differences are equilibrated during a delay time of 15 s before the measurement begins
with the injection of sample anions. The flushing procedure is automatically started again
after each ion separation. Each measurement is repeated three times for statistical
evaluations.

Sensor calibration

Each measurement day started with sensor calibration using the standard solutions. The
standard concentrations of NO;~, NH,*, K and H,PO,~ were 5, 10, 50, 100, 200,
500 pmol/l & 5 %. Several calibration solutions were measured again throughout the day
to characterize the reproducibility of the calibration measurements. All these calibration
measurements were considered in the subsequent evaluations (see Fig. 5). A new chip was
used each day to avoid contamination by bio fouling.

The peak areas in each electropherogram were calculated and basic sensor parameters
were evaluated for each analyte ion (results in Table 2):

— Calibration constant slope of the trend line in the graph of ion concentration versus
peak area.

— Average noise level standard deviation of the detector signal from the baseline in the
time before the peak arrival (10-25 s).

— Limit of detection (LOD) ion concentration which generates a peak three times higher
than the average noise level; lowest concentration which can be detected.

Fig. 4 Electropherograms of s : : : : : : :
50 pmol/1 C1™, 100 pmol/l £ 40 —— 0.6 s injection
NO;™, 100 pmol/l SO42’ and - 8 . — 1.2 s injection
50 pmol/l H,PO,~ with two & 5 30
different injection times 2 2 1 125
= 8 20- )
E ] H,PO
o2 ‘
£ 10 1 06s \
3
3o A
T T T T T T T
0 10 20 30 40 50 60 70
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(a) NO,’ calibration (b) NH," calibration
T T T T T T T Tt T T T T T T
— 100 * NO, peak area (day 1) . = 100 * NH," peak area (day 1) -
g | Linear fit (day 1) | g Linear fit (day 1) * |
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Fig. 5 Calibration curves for the macro-nutrients NO;~ (a), NH,* (b), K™ (¢), H,PO,~ (d) measured on

two different days

Table 2 Parameters from the calibration measurements of Fig. 5: calibration constant, coefficient of
determination (R?), limit of detection (LOD), limit of quantification (LOQ)

Calibration constant R* LOD (uM) LOQ (uM)
(umol/l/mVs)
Day 1, chip1 Day 2,chip2 Day 1,chip1 Day 2, chip 2
NO; ™ 7.9 8.3 0.999 0.997 3 10
NH,* 6.2 6.1 0.983 0.996 2 7
K" 6.0 5.7 0.991 0.990 3 10
H,PO,~ 8.0 9.9 0.989 0.902 10 33
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— Limit of quantification (LOQ) ion concentration which generates a peak ten times
higher than the average noise level; lowest concentration which can be quantitatively
evaluated.

The calibration curves in Fig. 5 show the linear response of the sensor to all four macro-
nutrient concentrations. The calibration curves of H,PO, ™~ show stronger variation than the
curves of the other three ions. This might be caused by the lower and broader peaks of
H,PO,~ which increase the influence of noise on the peak area evaluation, but more tests
are necessary for statistical statements.

Soil nutrient analysis

Typical measurements of DIW soil sample extracts are presented in Fig. 6. The anion
signal contains peaks of NO;~ and SO, (Cl~ concentration was below LOD in the
chosen example). H,PO,~ values were below LOQ in all 14 soil samples, thus no peak
signals are shown here. The corresponding cation curve contains peaks of NH,t, K, Ca*"
and Na™ (further peaks were not identified). The ion concentrations of NO;~, NH,* and
K" can be calculated by multiplying the peak area values with the calibration constants of
Sect. 3.2. SO42’, Ca®* and Na™ concentrations were not evaluated.
The macro-nutrient measurements yielded the following result.

NO;~ measurement

All sensor values of Cno, were above LOQ so that a comparison to the laboratory refer-
ences can be done.

Fig. 6 Typical (a) T T T T T
electropherograms for anion
(a) and catior} (b) meas.urement S 1780 4
(before baseline correction) [S
©
S 1760 -
‘»
£
O 1740 1
0
(b)
>
E
< 1900
c
2
(]
=
<
O
1875

Time [s]
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Sensor versus laboratory measurements of on-site soil sample extracts: Sensor and
laboratory values of Cno, measured in the on-site soil sample extracts are compared in
Fig. 7a. The strong correlation with R* = 0.985 demonstrates the potential of the sensor
for on-site NO;~ measurements. This result resembles the findings obtained with an ISE
[R* = 0.968-0.989 by Shaw et al. (2013), R* = 0.98 by Kim et al. (2007)], an ISFET
[R*>09 by Birrell and Hummel (1997)] and colour reaction strip sensors
[R? = 0.96-0.97 by Wetselaar et al. (1998)].

On-site versus laboratory extraction: The sensor data of the on-site soil sample extracts was
compared to laboratory data after the standard soil extraction procedure in Fig. 7b. The strong
correlation with R* = 0.950 confirms that the on-site soil nutrient extraction is an alternative to
the standard laboratory extraction procedure in agreement with Shaw et al. (2013).

NH,/" measurement

The Cnp, values were below LOQ except in two cases so that no comparison between
laboratory and sensor measurements can be done. Anyhow, the average percentage of Cnpy,
of the mineral nitrogen concentration (sum of Cno, and Cnp,) was only 6.4 %. NH, ' was
therefore a minor source of plant available N. For analysis of the sensor performance in
Cnn, measurements, NH,* rich soils will have to be analysed in future studies.
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K" measurement

All sensor values of Cx were above LOQ.

Sensor versus laboratory measurements of on-site soil sample extracts: Sensor and
laboratory values of Cx measured in the on-site soil sample extracts are compared in
Fig. 8a. The strong correlation with R* = 0.985 demonstrates the potential of the sensor
for on-site measurements of water-extractable K.

On-site vs laboratory extraction: The water-extractable K concentrations measured
with the sensor did not correlate with K™ concentrations obtained with the standard lab-
oratory extraction (see Fig. 8b). The reason is the binding of K™ ions to soil particles,
which demands far stronger extraction solutions like CAL in future studies.

PO, measurements
The extracted amount of PO, was not sufficient for quantification with the sensor as all

Cpo, values were below LOQ. Thus, the use of stronger PO, extractants (e.g. CAL) and a
sensitivity increase has to be achieved in future studies.

Fig. 8 a Sensor data verification

for K K sensor data versus —_ [T T T T T T T T ]
laboratory data, measured with 3 150 — + Data from day 1 a
the same soil sample extract g_ ] * Data from di;y 2 |
obtained by on-site extraction. = 1954 Linear fit (R*=0.915) * _|
b On-site extraction verification 8 i 4
K concentrations measured with 3 100 - -
the sensor after on-site extraction ] 4 i
versus K concentration from 2 754 -
standard laboratory extraction g/ E E
and laboratory analysis s 50 + $=093%-7.9

S 254 .

g . -

g 0T T T T T T

8 0 25 50 75 100 125 150

X

@ Springer

—_
Q
~

_—
O
~

K concentration (lab data) [umol/I]

E‘ 40 -] T T T T T T T ]

©

8 i

= + *

[ 30 —

o —

.(Tng’ i

c ~

Sx20- + *+ =

c o +4++

S E + #

‘é +

£ 10+ .

g fr

Q i

8

X 0 T T T T T T T T
0 10 20 30 40

K concentration (lab extraction) [mg K / kg]




Precision Agric (2017) 18:152-168 165

Additional ions SO/~, Na* and Ca®*

The electropherograms of Fig. 6 contain peak signals of SO4°~, Nat, Ca*" ions which
would allow quantification of these soil components as well. Although no quantitative
analysis was done in this study, this highlights the potential of the sensor for multi-ion soil
analysis.

Conclusions

The application of a micro-chip capillary electrophoresis sensor device for soil nutrient
analysis was demonstrated for the first time. A central advantage of this sensor is the
general sensitivity to ions in liquids. The device is thus especially sensitive to the four plant
macro-nutrient ions NO3z, NHy, K and PO,. A strong linearity of the sensor calibration for
these four ions was found. Although the measurement time was high compared to on-the-
go sensors from the literature, the sensor can detect the most important plant nutrients in
their short term available form. Nutrient measurements near the field with simplified
extraction would strongly simplify the sample logistics (no cooled transport) and would
reduce analysis costs in comparison to standard laboratory analysis. With these charac-
teristics, the presented instrument could become a candidate for a mobile sensor for plant
available macro-nutrients.

The sensor was tested in on-site measurements on samples of different soil type with
water extraction. This extraction was chosen for the first sensor test as no ions that can
interfere with the sensor reading are added to the samples.

From the measurements, it is concluded that:

(1) The sensor resolved the entire NO3 concentration range of the analysed DIW extracts;
the values were strongly correlated to laboratory data measured in the same extracts.
Also a plot of the sensor data versus laboratory data obtained with a standard extraction
procedure yielded a strong correlation. This demonstrates the potential of the sensor for
on-site NO; measurements and of the on-site extraction procedure for NO5 extraction.
These findings have to be tested with larger statistics in future.

(2) NH4 concentrations were mainly too low to be quantified by the sensor. They
amounted on average to 6.4 % of the mineral N concentration (sum of NO; and NH,
concentrations). Thus NH, was only a minor source of plant available nitrogen and
consequently of minor importance for soil fertility estimations. Measurements in
NHy rich soils have to be performed in the future for a characterisation of the sensor
in the analysis of this ion.

(3) Water soluble K amounts measured with the sensor correlated strongly with
laboratory measurements of the same extracts. The sensor is therefore useful for on-
site measurement of water-extractable K. In contrast, it was confirmed, that the
sensor data after DIW on-site extraction did not correspond to data after standard
laboratory extraction.

(4) In PO4 measurements, the water-extracted amount of all samples was too low to be
quantified by the sensor. Future investigations must therefore focus on the use of
stronger extraction solutions and sensitivity enhancements of the sensor.

(5) The electropherograms of DIW soil sample extracts resolved peak signals
corresponding to SOy4, Na, Ca ions. Future studies, focusing on the evaluation of
these parameters, could make the device a versatile multi-ion analysis tool.
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In summary, future studies have to focus on tests of the sensor with strong extraction
solutions for NH,4, K and PO,. The major challenge will be the separation of nutrients from
the high concentrated background of extraction ions. Further measurements with a wider
nutrient concentration range (e.g. due to variations between spring and autumn) have to
prove the sensor functionality with higher statistical significance.
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