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Environmental Impact Statement

We aim to record time dependent concentration data of nutrients and species
relevant to the carbon cycle at varying depths in freshwater systems with as little
perturbation as possible, and to eventually relate this information with
microbiological data obtained on the same system by scanning flow cytometry.
An array of potentiometric sensors was developed for this purpose that operates
autonomously on a floating platform where lake samples are pumped from
specific depths and measured. The sensor array can be calibrated with up to two
calibrant solutions at regular intervals. The performance of the device is
successfully compared to the benchtop analysis on samples obtained at the
same depth.
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ABSTRACT

Since aquatic environments are highly heterogeneous and dynamic, there is the need in aquatic ecosystem
monitoring to replace traditional approaches based on periodical sampling followed by laboratory analysis
with new automated techniques that allow one to obtain monitoring data with high spatial and temporal
resolution. We report here on a potentiometric sensing array based on polymeric membrane materials for
the continuous monitoring of nutrients and chemical species relevant for the carbon cycle in freshwater
ecosystems. The proposed setup operates autonomously, with measurement, calibration, fluidic control
and acquisition triggers all integrated into a self-contained instrument. Experimental validation was
performed on an automated monitoring platform on lake Greifensee (Switzerland) using potentiometric
sensors selective for hydrogen ions, carbonate, calcium, nitrate and ammonium. Results from the field
tests were compared with those obtained by traditional laboratory analysis. A linear correlation between
calcium and nitrate activities measured with ISEs and relevant concentrations measured in the laboratory

was found, with the slopes corresponding to apparent single ion activity coefficients

7;% =0.55(SD =0.1 mM) and 7/;;03, =0.75(SD =4.7 uM). Good correlation between pH values

measured with ISE and CTD probes (SD = 0.2 pH ) suggests adequate reliability of the methodology.
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1. INTRODUCTION

Freshwater ecosystems, and in particular lakes, are threatened worldwide by an interaction of
anthropogenic environmental changes, including eutrophication and climate change which strongly affect
the physics and chemistry of the aquatic habitats.! Within aquatic ecosystems, phytoplankton
communities are common indicators of environmental changes since they have fast generation times and
respond rapidly to variations in both physical and chemical parameters of water.” Phytoplankton growth
relies on macro-nutrients (nitrate, phosphate, salicylic acid), sunlight and other crucial substances such as
Vitamin B and trace metals. While sunlight is attenuated as a function of depth, most of the nutrients are
supplied from either deeper water or the sediments. As a result, light and concentration gradients in a
water column are changing in opposed directions.” The effect of these natural processes on the growth of
phytoplankton is still an open question to the scientific community. Indeed, recent theoretical studies have
elucidated the understanding of the dynamic interactions between phytoplankton growth and the resources
in a water column.” However, theoretical models need to be experimentally validated to more fully
understand such complex systems, which have implications to questions of climate change, eutrophication

and pollution *.

High quality monitoring data are in this context crucial for tracing and understanding the mechanisms
that drive phytoplankton and lake ecosystem dynamics. The latter requires a coupling of biological data
obtained in situ with automated physical and chemical profiling. So far, most monitoring programs only
poorly integrate biological data with direct sensing of standard physico-chemical parameters (e.g.
temperature, conductivity, pH, oxygen), nutrients (nitrate, ammonium, phosphate) and rarely pigment
data like chlorophyll-a.*® Current developments include the integration of existing methods into
automated, complex and operational sensing systems for a comprehensive and long-term monitoring of
both the biology and chemistry of water environments. The combination of a diverse set of sensor

techniques will be most valuable for achieving a large chemical, spatial and temporal coverage.’
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Over the past decades, potentiometric sensors based on liquid polymer membrane materials have
become a promising tool for the realization of in situ sensing devices. A considerable improvement of the
detection limit and the discrimination of interfering ions made in the last years and the development of
new molecular receptors along with appropriate theoretical treatments have resulted in a strong
foundation for their application in fields such as environmental trace analysis and potentiometric
biosensing.® For example, this has allowed one to develop potentiometric sensors for the monitoring of

microprofiles in sediments.” '’

We aim here to establish an integrated platform based on a flow potentiometric sensing array for
measuring nitrogen and carbon cycle related ionic species involved in phytoplankton growth in
freshwaters. The sensing platform was initially validated and automated in house. A self-contained data
acquisition instrument, GalvaPot v2 (see SI for more details), was developed specifically for field
applications. The device allows one to read out up to 12 electrodes and offers simultaneous control of a
number of peripherals that include pumps, valves and other actuators. GalvaPot v2 can be programmed by
a touch screen interface, without the need for a PC, and the recorded data are stored in internal memory.
The potentiometric platform was validated in the field (lake Greifensee) during four days using an
automated Eawag monitoring system, allowing for water sampling at different depths and subsequent
potentiometric analysis after a delay of a few minutes. The analytical characterization of the proposed
system is reported on in detail. The development of this sensing tool builds on a synergy between
analytical chemists and limnologists to help stimulate this field and understand yet unresolved

environmental processes.
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2. EXPERIMENTAL

2.1 Materials and Chemicals

Potassium tetrakis[3,5-bis-(trifluoromethyl)phenyl]borate (KTFPB), tridodecylmethylammonium
nitrate (TDMAN), bis(2-ethylhexyl) phthalate (DEHP), tetrakis(4-chlorophenyl)borate
tetradodecylammonium salt (ETH 500), 2-nitrophenyloctylether (0o-NPOE), ammonium ionophore I
(nonactin), potassium tetrakis (4-chlorophenyl) borate (KTpCIPB), hydrogen ionophore I
(tridodecylamine), N,N-Dioctyl-3a,12a-bis(4-trifluoroacetylbenzoyloxy)-5p-cholan-24-amide (carbonate
ionophore  VII), ammonium ionophore (nonactin), N,N-Dicyclohexyl-N’,N’-dioctadecyl-3-
oxapentanediamide  (calcium ionophore IV, ETH 5234), bis(2-ethylhexyl) adipate (DOA),
tridodecylmethylammonium chloride (TDMACI), high molecular weight poly(vinyl chloride) (PVC),
tetradodecylammonium chloride (TDDA), 2-nitrophenyl octyl ether (o-NPOE), high molecular weight
poly(vinyl chloride) (PVC), tetrahydrofuran (THF), calcium chloride dihydrate, sodium nitrate, sodium
bicarbonate, ammonium chloride, potassium chloride, sodium hydroxide standard solution 2 mol/L,
Tris(hydroxymethyl)aminomethane (TRIS), nitrilotriacetic acid (NTA) and sulfuric acid 96 % were
purchased from Sigma—Aldrich and Fluka. Nitric and hydrochloric acids suprapur grade were purchased
from Merck. Aqueous solutions were prepared by dissolving the appropriate salts in Milli-Q water

(18.2 MQ).

2.2 Electrodes and Membrane Preparation

The commercial pH glass electrode (InLab Mono Pro) was purchased from Mettler Toledo. The
cocktail for carbonate-selective membranes was prepared by dissolving 8.3 mg of carbonate
ionophore VII, 60 mg of PVC, 2 mg of TDMACI, and 100 uL of DOA in 2 mL of THF. The cocktail for
calcium selective membranes contained 15 mmol/kg of calcium ionophore IV, 5 mmol’kg of ion
exchanger KTFPB, 66 mg of PVC and 131 mg of o-NPOE, dissolved in 2 mL of THF. The nitrate ISE-

cocktail was composed of 10 mmol/kg ion exchanger salt TDMAN, 15 mmol/kg inert lipophilic salt

5
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ETH 500, 65 mg of PVC and 130 mg of plasticizer DEHP. The cocktail for pH-sensitive PVC based
electrodes consisted of 20 mmol/’kg TDDA, 5 mmol/kg KTpCIPB, 66 mg of PVC and 132 mg of
plasticizer o-NPOE. Ammonium PVC-based membranes were prepared using 3 mmol/kg of nonactin,

62 mg PVC and 138 mg of plasticizer o-NPOE, without additional ion exchanger.

Each individual cocktail was poured into glass rings (22 mm in diameter) placed on a glass slide and
dried overnight at room temperature under a dust-free environment. After THF evaporation a membrane
of 200 um approximate thickness was obtained. Small disks (diameter ca. 8§ mm) were punched from the
cast films and subsequently conditioned in 1 mM solution of the corresponding salt NaHCO;, CaCl,,
NaNO;, NH,CI or HC1. The membranes were then mounted in Ostec electrode bodies with inner silver-
silver chloride elements (Oesch Sensor Technology, Sargans, Switzerland). The inner solution was
composed of 1 mM solution of the corresponding salt. In the case chloride ion was not present in the salt,
1 mM NaCl was added to the inner electrolyte to ensure a defined potential at the inner silver-silver

chloride element.

2.3 Automated analysis setup
2.3.1 Potentiometric Cell Assembly

A commercial reference electrode (6.0726.100, Metrohm) with  double junction
(Ag| AgCl | KClL, 3 M | LiOAc, 1 M) was used for potentiometric measurements. Each indicator electrode
was placed into an individual flow cell fabricated of acrylic glass (see Figure 1) with the sample flow
passing over the outer surface of the membrane in a wall-jet configuration.'' Six concentric channels
(diameter ca. 1 mm, length ca. 4 mm) were drilled in the acrylic cell to connect the sample with the outer
solution in the beaker containing constantly renewed 3M KCI. Eight flow cells were placed in the beaker
surrounding the reference electrode at equal distance. Electrochemical measurements were performed

using the custom-made potentiometer GalvaPot v2 (see 2.3.2).
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2.3.2 Custom-made Instrument

We recently reported on a portable custom-made instrument, GalvaPot, for decentralized
measurements with ionophore based electrodes' that served as the basis for the GalvaPot v2 adapted for
field experiments and used for potentiometric measurements on lake Greifensee (Switzerland) within a
framework of the project in question. The new design enables one to modifiy different parameters
(changing the state of pumps, introducing a delay, starting or stopping the measurement) by the user in
the field and to program commands for autonomous experiments. The detailed description of the device is

given in the Supporting Information.
2.3.3 Automated analysis arrangement

The schematic diagram of the flow setup used for potentiometric measurements is presented in Figure
S5 (see Supporting Information). The water sample was delivered to the cell using peristaltic pumps
equipped with ISMATEC tygon tubings (inner diameter 1.42 mm, wall 0.86 mm). The tygon tubings
installed on the pumps were connected to the flow path composed of PTFE Tubings (ID 0.8 mm, BOLA).
Starting peristaltic Pump 3 supplying the sample (artificial or natural) was followed by immediate
disconnection of the Pumps 1 and/or 2 supplying calibration solutions (Calibration and Experiments
method descriptions: see SI, Table S1). The flow rate of the main Pumps 1-3 was set to 2.27 mL/min
(corresponding to 202 rpm in the current setup). A bubble trap (purchased from Kinesis GmbH) was
installed between Pumps 1-3 and the splitter to avoid spontaneously occurring bubbles from penetrating
to the surface of PVC membrane. The bubble trap was followed by the splitter, allowing one to divide the
flow into 8 channels. To provide an equivalent flow rate in all 8 channels two more peristaltic pumps
(Pumps 4 and 5), each with 4 heads, were installed after the splitter. The flow rate on each channel was
set to 0.28 mL/min (24 rpm). The total flow rate on all eight channels was therefore 2.24 mL/min, slightly
less than the flow rate on the main Pumps 1-3. The latter is important to avoid formation of bubbles in the
channels. No filtration system was needed for the experiments described here, however the integration of

on-line filtration configuration may need to be considered for longer-term experiments and in more
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eutrophicated ecosystems. The flow from each channel was passed over the outer surfaces of eight ISEs,
subsequently guided to the beaker containing 3 M KCl and containing the reference electrode. The dead
time, i.e. time needed for a new solution to reach the flow cell, was around 2.5 min. The potassium
chloride solution in the beaker was constantly renewed using the additional Pump 6, with the flow rate
equal to Pumps 1-3. GalvaPot v2 was equipped with a temperature sensor (platinum resistance
thermometer PT100), placed in the beaker together with the ISEs and reference electrode and calibrated
daily using standard resistances: 100 € (corresponding to 0 °C) and 134.7 Q (90 °C). When processing

the data temperature correction was carried out based on Nernst equation.

The calibration of the sensors was performed using two solutions, the compositioins of which are
given in Table 1. Solutions were prepared in 5 L polyethylene bottles by dissolving corresponding
chemicals in Milli-Q-purified distilled water. The setup of the experiment provides for a continuous flow
through the cell since stop flow conditions would lead to the penetration of concentrated outer KCl
solution from the beaker into the cell containing the ISE. To avoid this, calibration solutions were
continuously flushing the membranes whenever measurements of water samples were stopped. For the
same reason, another pump was started just before turning off one of main Pumps 1-3, keeping one of the
main Pumps 1, 2 or 3 on at all times. Pumps 4 and 5 as well as Pump 6, were turned on throughout the
experiment. Calibration solutions were delivered to the flow cell in the same way as the sample after

starting corresponding Pumps 1 or 2 and immediate disconnection of Pump 3.

2.3.4 Automated analysis procedure

The automated analysis procedure consisted of two methods: Experiment Method (procedure for the
time window when the water sample from chosen depth is being pumped in the channels) and Calibration

Method (procedure for ISE calibration using 2 calibration solutions).

Both Calibration and Experiment Methods were automated using GalvaPotv2. The detailed
description of corresponding methods are given in SI. Calibration solutions were pumped through the
system continuously, excluding the time window taken by Experiment Method. Starting Experiment

8
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Method caused the end of the running Calibration Method. Upon finishing Experiment Method
Calibration Method was resumed. The limited internal memory of the GalvaPot v2 did not provide for an
automatic saving of every data point read by the device, so the reading of the potential values was
performed over specified time windows, averaged and then stored in internal memory. Every single
reading was obtained by averaging the signal on each electrode over 6-s with a 12 Hz data acquisition
frequency. 8-10 averaged readings were saved when running Experiment Method and 8-10 readings for
each calibration solution for the time window of calibration right before the trigger and immediately after
the end of the Experiment Method. As a consequence of the limited internal memory the collected data

was transferred to external memory once a day.
2.3.5 Calibration solution preparation

A 2-point calibration was automatically performed before and after each profiling using calibration
solutions 1 and 2. To ensure monitoring reliability, a single point calibration was carried out after every
measurement at a chosen depth. The latter allowed one to correct for occasionally occurring electrode

drifts if necessary.

The composition of calibration solutions is indicated in Table 1. Carbonate (CO;>) and ammonium
(NH,") concentrations were recalculated for every particular calibration solution depending on its precise
pH value determined using conventional pH meter and standard buffer solutions, in laboratory conditions.
pH, nitrate, ammonium and carbonate concentrations chosen for preparing calibration solutions
correspond to the relevant concentration ranges in lake Greifensee. The anticipated level of analytes in

lake water was determined during preliminary trials of the described setup in the field.

The calcium concentration in the calibration solutions had to be chosen in a lower range than the one
expected for calcium levels in lake water. The latter accounts for the fact that the addition of millimolar
levels of calcium to a solution containing millimolar levels of total carbonate would cause precipitation of
both calcium and carbonate, resulting in an uncertainty of the calibration solution composition affected by
temperature changes as well as precipitation kinetics. Therefore, the concentration of calcium in the

9
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calibration solutions was buffered using NTA that left approximately 0.5 wt % of total calcium in the
uncomplexed form. The free calcium fraction is sensitive to NTA concentration and is highly affected by
pH changes. For this reason, an additional calibration of the installed ISEs was performed a few times a

week using two calibration solutions containing just 10~° M and 10> M calcium chloride.

2.4. Field measurements

Field measurements of nutrients and chemical species related to carbon cycle were performed at the
end of August (18-22.08.2014) on the lake Greifensee, a small eutrophic lake (surface area 8.45 km’,
water volume 0.148 km®) located in the canton of Zurich, Switzerland. The automated analysis setup
described above was synchronized with the Eawag automated monitoring platform by allowing the
GalvaPot v2 to accept an electric signal from the system’s controller module (Idronaut Controller
Module operating also with a CTD probe with traditional sensors for profiling)® as a trigger to start

potentiometric measurements of the samples taken at different depths: 1, 2.5, 4, 5.5, 7 and 8.5 m.

The Eawag platform is equipped with a system to retrieve water from selected depths. Water was
brought to the acrylic sampling chamber (volume 250 mL) through an antimicrobial, silver-nanoparticle
coated and shaded flexible polyethylene tubing.” The trigger signal activates the external pump (boat
water system pump, Jabsco PAR-Max 1) that flushes the chamber with water sample from the selected
depth for 3 min at a flow rate of 4.2 L/min. After flushing the chamber Experiment Method started
automatically. The sample collected in the chamber and delivered to the cells using Pump 3 was used for
potentiometric measurements. A new profiling started every 4 h: at 00:00, 04:00, 08:00, 12:00, 16:00 and
20:00. The total time for potentiometric measurements at one depth was limited to about 16 min due to

the Eawag automated monitoring cycle, with the entire cycle taking around 1 h 40 min.

2.5. Field data validation

2.5.1 Laboratory measurements of calcium and nitrate concentrations

10
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To evaluate the reliability of the approach, calcium and nitrate concentrations in water were
complementarily measured in filtered collected samples using flame atomic adsorption spectroscopy
(AAS; Varian SpectrAA 240 FC) and ion chromatography (IC; Metrohm model 761), respectively. Water
samples were collected at the same depths as described above within the time window of the ISE
measurement cycle using an in-house 12V battery powered peristaltic pump with acid pre-cleaned Tygon
tubing. Filtration was performed in-line on site using 0.2 um pore size nitrocellulose membranes
(Whatman) incorporated into an in-house flow-through acrylic filtration device. Sampling polypropylene
tubes (volume 50 mL) were pre-cleaned for 24 h in 0.1 M HNOj; suprapur grade (Merck), 2 times for 24 h
in 0.01 M HNO; suprapur; followed by dipping in Milli-Q water for 12 h after each acid washing step.
Samples for calcium measurements were acidified to pH 1.3 with HCI suprapur grade (Merck) within few
hours after sampling. All samples were immediately stored in a cold box, then in the field laboratory at

4°C, in the dark, prior to analysis.
2.5.2 In situ conductivity and pH measurement

Conductivity and complementary pH measurements were performed using OCEAN SEVEN 316Plus
CTD multiparameter probe (Idronaut, Brugherio, Italy).” The automatic monitoring program with the

multiparameter probe ran every 1-2 h, before and after profiling with the ISE sensing array.

11
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3. RESULTS AND DISCUSSION

3.1 Preliminary laboratory experiments
3.1.1 Ilon selective electrodes

Aiming at field measurements in freshwater, the choice of the potentiometric sensors was dictated by
the anticipated concentration range of the ions to be detected. Freshwater compositions vary significantly
depending on the country, climate, the season, the type and depth of the lake as well as anthropogenic
factors.”'® The average freshwater concentrations of the analytes in question is normally found at about
107 M of calcium, 10°-10* M of nitrate, 10°-10® M of ammonium, 10° M of total carbonate.'” The pH
of freshwater typically ranges from 7 to 9. The indicated values represent average levels and preliminary

experiments on the lake Greifensee were needed to confirm the applicability of the chosen sensors.

Considering the high calcium concentration in the lake, the choice of a sensor for calcium
determination was straightforward. A PVC based membrane doped with calcium ionophore IV was used
for this purpose. The selectivity, stability and detection limits of this type of membrane has been

18,19
d 5

thoroughly studie and confirms its applicability at pH 7-9 at the millimolar concentration range for

freshwater analysis.

A tridodecylamine (TDDA) doped membrane was chosen for preparing the pH electrode. Membranes
of this type have been subject of considerable research and have already been used in a number of
applications.””*' A calibration curve for a PVC based pH electrode is presented in Figure S6 (see SI).
Despite the applicability of the PVC based pH sensor for water samples analysis a commercial glass
electrode (half-cell, Mettler Toledo) was also implemented to ensure a reliable pH detection. The latter is
very important since carbonate speciation is highly affected by pH changes, and providing reliable pH

data is vital for the analysis of carbonate and CO, levels.

Previous studies have shown PVC based ISEs doped with carbonate ionophore VII to be reliable

sensors for carbonate detection with exceptionally high selectivity over the key interfering ions, giving

12
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detection limit lower than 10° M at pH 8.0.** A strategy has recently been explored that allows one to
directly measure CO, levels by measuring pH electrode against a carbonate electrode without using a
traditional reference electrode.” Since the flow setup described above includes a reference electrode at all
times, both pH and carbonate electrodes were measured against the reference electrode while CO, levels
may be inferred by subtraction of the two potentials values based on carbonate species equilibria.”’

Nitrate and ammonium levels in freshwater are quite low. Insufficient detection limits of nitrate ** and

25,26

ammonium selective PVC based sensors as well as less attractive selectivity might be a limiting factor

when implementing these sensors for environmental analysis. Considering the low detection limit of

LDL

_ . . . 5 4 . .
log Ao, = —4.7 (SI Figure S7) and a rather low nitrate levels in freshwater (10°-10" M), monitoring

data analysis needed to be performed by a nonlinear regression of the curve given in Figure S7 with an

adjustment of the intercept on the EMF axis according to the experimentally obtained value.

When choosing the composition of the membrane for ammonia sensing we aimed at preparing a
membrane with the lowest possible detection limit. Considering the results of preliminary studies (see SI
Figure S8), membranes containing nonactin without additional ion exchanger were prepared. The

detection limit for the ammonium selective electrode with a 100 uM potassium background corresponds

to log aszZL* = —5, which is not sufficiently low for the chosen application as suggested from the average
4

ammonium level indicated above. However, the actual ammonium concentrations may vary significantly
from 10 M in the surface layer to few hundred uM in freshwater sediments.’ Therefore, the ammonium
sensor was also implemented into the flow analysis setup to allow for an estimation of ammonium level

changes when profiling at larger depths.
3.1.2 Automated analysis

The ion selective electrode was fitted with an acrylic wall jet cap (Figure 1). The conical design of the
flow cell defines a small gap between the curved ion-selective membrane and the bottom part of the cell,

which defines the measurement compartment (volume ca. 100 uL). As positive pressure was always

13
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applied to the cap to minimize cross contamination and dilution effects between sample and background
electrolyte. The key advantages of this design include i) a common reference electrode placed outside
cach flow cell at equal distance so that the potential value does not depend on the position of the ISE in
the outer cell, ii) a facile membrane cleaning process between measurements of sample and calibration
solution, iii) the possibility of simple extensions to any number of ISEs using the same reference

electrode with multiple wall jet caps.

Bracketed calibrations using the proposed flow analysis setup are shown in SI Figure S9 with the
following observed electrode slopes in mV: 31.4 £ 1 for calcium, 58.3 = 1 for pH (PVC based electrode),

58.7+1 for pH glass electrode, 31.5 £ 1 for carbonate, 37.3 + 3 for nitrate and 7.6 = 2 for ammonium.
Single ion activities @; were calculated based on the concentration values indicated in Table 1 according

to the common relationship:

a=y,-c (D

where 7;is the single ion activity coefficient and¢; the molar concentration of ion i (see SI for details).

The pH measured by the commercial glass electrode was used to correct the carbonate and ammonium

concentrations for pH dependent speciation equilibria.

As discussed above, a near Nernstian response slope was obtained for calcium, carbonate and pH
electrodes, suggesting that they are adequate for quantitative analysis. In contrast, a sub-Nernstian slope
for nitrate necessitated the use of a nonlinear calibration curve based on the Nikolsky equation for
calculating the nitrate activity in water samples. Indeed, the deviation between linear and non-linear
calibrations was important for this ion (5 to 25 % RSD depending on sample activity). The relatively high
concentration of potassium deteriorates the limit of detection for the ammonium selective membrane and
explains the relatively low slope (see SI, Figure S8). Nonetheless, this electrode was maintained for

comparative estimation of ammonium levels in water samples.

14
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We note that a multivariate approach could also be efficiently applied for data analysis when
observing nonlinear calibration curves, as these techniques are useful when determining concentrations
close to the detection limit.”” In this early work, it was initially preferred to apply an analytical approach

based on Nicolscky equation for a rational discussion of the data.
3.2 Field measurements

Measurements on lake Greifensee were performed during a period of 90 h, starting on August 18,
2014 and finishing on August 22, 2014. Figure 2a shows the obtained potentiometric time trace between
Thursday afternoon (12 pm) and Friday morning (10 am) for the five analyzed ions. As discussed above,
the experimental arrangement allowed for the measurement of up to eight ISEs. In this experiment the
following ISEs were installed: 1 carbonate electrode, 1 glass pH electrode, 2 nitrate electrodes, 2
ammonium electrodes and 2 calcium electrodes. For simplicity and to avoid overlap of the graphs, just 5
traces, one for each type of ISE, are presented in Figure 2 a,b. Every cycle consisted of two 2-point-
calibrations performed both at the beginning and at the end of the cycle (four calibration points), six
measurements corresponding to six water samples taken from different depths and 6 measurements
corresponding to the 1-point calibration between water sample measurements. One of the cycles is
separately shown in Figure 2b. Every cycle (including calibrations) took approximately 2 h to be
completed and a new cycle started every 4 h. The time when a particular solution reached the surface of
ion selective membrane is indicated with vertical lines in Figure 2b: water sample measurements are
highlighted with solid lines and measurements corresponding to calibration solutions 1 and 2 are

indicated with dashed and dotted lines respectively.

The collected data points are shown in Figure 2¢c. A confirmation of calibration reproducibility within
2 h of measurements is obtained with the injection of a standard solution immediately after measuring
each lake sample. The long-term stability of sensor calibration is illustrated in SI Figure S10. The drift of
the calibration observed during 90 h of measurements was in the range of 5-15 mV depending on the

sensor and confirms the advantage of chosen approach using continuous calibration between the profiles.
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Considerable changes of pH and carbonate activities were observed as a function of depth. Nitrate levels
did not significantly change for the first few meters, but a notable reduction of nitrate activity started to be
observed at 8.5 m (see also 3.3). The ammonium level was found to be lower than the detection limit of
the electrode (ca. 10 uM with potassium background 100 uM). The ammonium concentration is an
indicative parameter of the anoxic region in the lake, which is often present at larger depths *'° than the
ones explored here. The low observed ammonium activity was therefore expected for the conditions used

here.

Calcium activity is used as an example of the capability of the established sensing platform. Since the
obtained activity is a function of depth and time (f = c(depth, time)), the data are visualized with a 2D
surface plot as shown in Figure 3 and show an increase of calcium activity in the lake with depth and its

decrease during the night.
3.3 Data validation

To validate the consistency of the approach, laboratory measurements of calcium and nitrate
concentrations in lake water were performed. Figure 4 a,b shows the correlation between ion activities
determined by potentiometry in the field and the concentrations obtained with laboratory analysis of water
samples taken at corresponding depths. A linear correlation is assumed based on the linear relationship

between activity and concentration (equation 1). The slope of the linear regression corresponds to an

apparent single ion activity coefficient }/i* that was estimated as the mean value of experimentally

exp
i
exp
i

Xp

determined single ion activity coefficients 7, @ = where @ is the single ion activity determined

by ISE in the field, ;" is the molar concentration of the ion i obtained by laboratory analysis. The

5

NOy

obtained mean values }/i* were found as }/Z ,,=0.55and y _=0.75.

Note that the 71‘* value includes not only the thermodynamic contribution from the ion activity

coefficients due to the ionic strength of the lake, but also any matrix effects of the natural water sample as
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well as systematic errors of both field and laboratory measurements. The thermodynamic contribution to
the experimental 7/1.* value was estimated with the single ion activity coefficient y calculated with the

first approximation of the Debye-Hiickel theory (see SI, equations 2, 3, 5; bicarbonate and calcium ions

were considered as relevant counter ions as these are the major species in the sample).

The value of the ionic strength was estimated based on conductivity measurements. Electrical

conductivity K is given by the following equation:

K=Y Ac, )

where 4 is limiting single ionic conductivity defining the contribution of individual ions (tabulated

value). lonic strength (1 = O.SZ zfci , see SI equation 3) was calculated assuming calcium bicarbonate

1

as the major contributor to conductivity and ionic strength (4_,, =11.894 mS-m*-mol™, /’LHC@ =4.45

mS-m*-mol™)*®. The conductivity of the water samples increased with depth and was found to be in the
range 380 -470 uS/cm, giving an ionic strength in the range 5.5 - 6.8 mM. Based on the simplified

Debye-Hiickel theory (see SI, equations 2, 5) single ion activity coefficients were found as 0.68 — 0.71 for

Y and 0.91—0.92 for Y vo- considering bicarbonate and calcium as the counter ions accordingly.

A comparison of theoretically estimated single ion activity coefficients 7 (7., =0.68-0.71,
Yvo; = 0.91-0.92) with apparent single ion activity coefficients 7? obtained experimentally
(7/;2+ =0.55, }/;/03, =0.75) shows 7? to be somewhat lower than the estimated y . It should be
considered that the procedure for /4 calculation presented above allows only a rough estimation of 7, ..

and 7 vo- since the complexity of the natural sample media along with relatively high ionic strength goes

beyond the first approximation of the Debye-Hiickel theory. To a certain extent the difference between

17
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estimated (¥ ) and experimental (}/l.*) values may originate from systematic experimental errors deriving

from calibration inaccuracy of field measurements and/or differences in sampling procedures. In
particular, the samples for laboratory analysis of calcium were acidified, which may result in the release

of complexed or adsorbed calcium that is not detected with ISEs.

Activity and concentration profiles (for field and laboratory data, respectively) are presented in

Figure 5. The scales of the concentration and activity axes correspond to the relationship @ =y -¢ ™

where apparent single ion activity coefficients 71‘* are equal to 0.55 for calcium and 0.75 for nitrate as

discussed above. The profiles suggest good correlation between field and laboratory measurements. When
comparing field and laboratory results it must be taken into account that owing to the monitoring system
arrangement, a manual sampling for laboratory analysis was performed with slightly different time
resolution and not exactly at the same location. The latter may result in some discrepancy between field
and laboratory measurements, so the data points in Figure 9 are not expected to match perfectly.
Importantly, despite the relatively small changes of the parameters the tendency of relative changes of
calcium and nitrate activities agree with the relevant concentration changes. Figure 4c shows the
correlation between pH values measured using commercial pH glass electrode in the proposed flow
arrangement and those obtained by EAWAG using the CTD probe that ran immediately before the ISE
profiling. A good correlation between the results obtained using the two different methods confirms that

the observed pH data are adequate and applicable in the presented sensing array.

4. CONCLUSIONS

The potentiometric sensing array for the detection of nutrients and species relevant to the carbon cycle
was successfully deployed for continuous monitoring of pH, calcium, nitrate and carbonate levels at the
EAWAG monitoring platform on the lake Greifensee (Switzerland), in parallel with scanning flow
cytometer measurements. The proposed setup suggests continuous calibration of potentiometric sensors

18
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between the measurements of water samples thus providing more reliable data compared to ISE arrays
using relatively infrequent calibration in field conditions. Comparison of field and laboratory
measurements confirms the consistency of the setup for field analysis. We believe that the potentiometric
sensing array described here may serve as a promising tool for ecological monitoring aimed at tracking

and understanding environmental changes in aquatic ecosystems.
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Table 1
Chemical Calibration solution 1 Calibration solution 2

Tris(hydroxymethyl)aminomethane, mM 10 10
Nitrilotriacetic acid, mM 3 3
Potassium chloride, uM 130 130
Calcium chloride dihydrate, mM 1 1
Sodium bicarbonate, mM 5 5
Sodium nitrate, uM 100 10
Ammonium chloride, uM 10 1

3 . . .
pH" (adjusted using sodium 35 76
hydroxide/sulfuric acid)

’ pH value indicated in Table 1 is approximate. The actual value may vary for different portions of the

same calibration solution (prepared on different days) maximum by 0.3 units of pH.
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Table 1

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Environmental Science: Processes & Impacts

Composition of calibration solutions 1 and 2 (in total concentrations)

Flow cell design."’

Potentiometric data obtained during filed measurements using proposed automated analysis
arrangement (replicates not shown in the figure). (a) Experimental curves obtained during
the experiment performed on 21-22.08.2014. (b) Zoom for the first cycle shown in Figure
Sa. Vertical lines indicate the time when corresponding new solution reached the surface of
the ISE membrane: calibration solution 1 (dashed line), calibration solution 2 (dotted line) or
lake water from the depth specified in the figure (solid line). (¢) Zoom for the cycle
presented in Figure 5b for carbonate ISE: grey markers represent the single data points
acquired by GalvaPot during field measurements, black circles correspond to the EMF value

corresponding to relevant sample/calibration solution.

Surface plot for calcium profile obtained during field monitoring on the lake Greifensee

(Switzerland) 18-22.08.2014.

(a, b) Correlation between activities measured in the field by ISEs and concentrations
obtained within laboratory analysis using atomic absorption spectroscopy (a, calcium) and

ion chromatography (b, nitrate). The slopes of linear regressions correspond to apparent

single ion activity coefficients being 7;2+ =0.55 (SD=0.1mM) and =0.75

7 NO;
(SD=4.7TuM).
(¢) Correlation between pH measurements with glass electrode implemented in the proposed

flow setup and alternative in situ pH measurements performed by EAWAG using CTD

probe (SD =0.2 pH).

Field data versus laboratory analysis. (a) Calcium activity (circles) measured by ISE in the
field and calcium concentration (triangles) measured by AAS depending on the depth.
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(b) Nitrate activity (circles) measured by ISE in the field and nitrate concentration (triangles)
measured by IC depending on the depth. The scales of activity and concentration axes are

p exp

where 71‘* is apparent single ion activity

defined by the relationship =7y, -c,

coefficient (7;2+ =0.55, 7/; ~=0.75)
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Wall-jet cap

Cef H _NH4+ Lake water
to NO- CO.

\ Membrane

A potentiometric sensing array was developed and successfully deployed for continuous monitoring of

pH, calcium, nitrate and carbonate levels on the lake Greifensee (Switzerland).
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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