DISS. ETH NO. 25123

IN SITU APPLICATION OF PROFILING ION-SELECTIVE SENSOR
SYSTEMS IN LAKES

A thesis submitted to attain the degree of
DOCTOR OF SCIENCES of ETH ZURICH
(Dr. sc. ETH Zurich)

presented by
ROHINI ATHAVALE

MSc Analytical Chemistry, University of Mumbai
born on 23.05.1988
citizen of India

accepted on the recommendation of
Prof. Dr. Bernhard Wehrli, examiner
Dr. Andreas Brand, co-examiner
Prof. Dr. Eric Bakker, co-examiner
Dr. Dirk de Beer, co-examiner

2018

Contents
Summary

4

Zusammenfassung

6

Chapter 1

General introduction

9

Chapter 2

In-situ ammonium profiling using solid contact ion selective
electrodes in eutrophic lakes

23

Chapter 3

Robust solid-contact ion selective electrodes for high-resolution 46
in-situ measurements in fresh water systems

Chapter 4

Fast potentiometric CO2 sensor for high-resolution in-situ
measurements in fresh water systems

65

Chapter 5

General conclusions and outlook

83

Acknowledgements

89

References

92

Summary

4

Summary
In-situ measurements are important for the study of lake ecosystems as several biogeochemical
processes in the water column are confined to very narrow zones which can be highly dynamic
in time and heterogeneous in space. New insights into these reactions can only be gained by in
situ observations at high spatial and temporal resolution. Current practices involve sampling
with devices like Niskin bottles. Such classical sampling tools typically integrate measurements
over half a meter due to their dimensions. Moreover, biases in results can be introduced due to
preservation and storage of samples as well as from changing environmental conditions, when
deep water samples are brought to the surface. Modern sensor technologies promise to
overcome the limitations of such classical analytical practices. Existing platforms are often
equipped with sensors for various physical parameters like temperature, conductivity,
photosynthetically active radiation (PAR) and chemical parameters like pH, O2 and sulfide.
Still, reliable sensors for in situ profiling of chemical species relevant to carbon, nitrogen and
phosphorous cycles are lacking. Ion selective electrodes (ISEs) have not been used widely in
lakes owing to limitations in their detection limit and problems of pressure compensation.
The presented work combines recent developments in the field of solid contact ion selective
electrodes (SC-ISEs) and demonstrates the possibility of gaining new insights into aquatic
ecological processes. To achieve the goal of high resolution profiling of nutrients and inorganic
carbon species, new solid state sensors were fabricated with materials and designs suitable for
measurements in lake waters and robust to changes in redox conditions, reactive solutes and
physical changes. Furthermore, we developed an in situ calibration protocol, which accounted
for drift and interferences that are inherent with these type of sensors.
In the first step, we investigated how the choice of design of SC-ISE affects its response in
natural environments in spite of its ideal analytical performance in controlled laboratory
conditions. For this purpose, we present two designs of ammonium selective SC-ISEs, one with
transducer dispersed with the sensing matrix to form a single layer (SL) design and another with
a transducer layer sandwiched between the sensing membrane and the glassy carbon surface
that results in a double layer (DL) design. On deployment in a eutrophic lake the SL design
showed sulfide sensitivity while the DL design proved to be free of drift due to sulfide
interference. This was attributed to the shielding effect of the sensing membrane with a very
low diffusion coefficient. On application of the developed calibration protocol to the obtained
high-resolution EMF profiles recorded in situ, we derived the detailed concentration profiles.
These concentration profiles resolved not only expected features such as steep gradients close
to the anoxic hypolimnion but also indicated details about a potential mineralization zone
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observed in the epilimnion that could have been entirely missed even by advanced sampling
systems.
The design was further improved to remove light sensitivity by introducing functionalized
multiwall carbon nanotubes (f-MWCNTs) as a transducer in the established DL design. The
optimized sensors showed low drift values on in situ calibration and were found to be insensitive
to high sulfide concentrations on application in the same eutrophic lake. With their ease of
fabrication and the robust analytical performance, the f-MWCNT -based SC-ISEs for
ammonium and pH demonstrated their potential as reliable candidates for high resolution
profiling in fresh waters.
The DL layer design with f-MWCNTs was further utilized to build an ISE based system that
directly measures dissolved CO2 concentrations without any need of calculations or
thermodynamic considerations. The CO2-ISE couple consisted of an H+ selective SC-ISE
measuring directly against a CO32- selective SC-ISE. The main advantages of using such a setup
compared to the conventional Severinghaus gas probe were, (i) its response time of <10s, and
(ii) high selectivity for CO2 analysis with insignificant interference from other ions and (iii) its
insensitivity towards H2S. During this study, we also customized and modified the calibration
protocol for in-situ CO2 measurements and reduced the effort of in situ sampling to only two
points for drift and interference correction. Fine features in the high-resolution CO2 profile
obtained by the ISE couple could indicate mineralization of organic mass occurring in a narrow
zone just below the oxycline.
In summary, different potentiometric sensor designs were studied, fabricated and tested for in
situ application in a eutrophic lake system that posed many challenges to the sensor
performance. These challenges were tackled by tuning the properties of the building blocks of
the sensors to the desired application and by developing an optimized calibration protocol. With
response times of only a few seconds, insensitivity towards changes in redox conditions,
sulfidic environments, varying light intensities, the profiling system with integrated SC-ISEs
opens the door for many more possible in situ applications to investigate the biogeochemistry
of fresh waters.
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Zusammenfassung
In-situ-Messungen

sind

wichtig

für

die

Untersuchung

von

Seeökosystemen,

da

biogeochemische Prozesse in der Wassersäule oft auf räumlich eng begrenzte Zonen beschränkt
sind, die zeitlich dynamisch und räumlich heterogen sein können. Neue Erkenntnisse zu diesen
Reaktionen können nur durch in situ Beobachtungen mit hoher räumlicher und zeitlicher
Auflösung gewonnen werden. Aktuelle Praktiken basieren auf der Probenahme mit Geräten wie
der Niskin-Flasche. Solche Methoden integrieren Messungen typischerweise über einen halben
Meter Wassersäule. Darüber hinaus können analytische Ergebnisse wegen der Konservierung
und Lagerung von Proben oder aufgrund sich ändernder Umweltbedingungen beim Transfer an
die Oberfläche verfälscht werden. Moderne Sensortechnologien versprechen, diese Grenzen
klassischer analytischer Praktiken zu überwinden. Vorhandene Messgeräte sind mit Sensoren
für verschiedene physikalische Parameter wie Temperatur, Leitfähigkeit, photosynthetisch
aktive Strahlung (PAR) und chemische Parameter wie pH, O2 und Sulfid ausgestattet. Dennoch
fehlen zuverlässige Sensoren für die in situ-Profilierung von chemischen Spezies, die für
Kohlenstoff-, Stickstoff- und Phosphor-Kreisläufe relevant sind. Ionenselektive Elektroden
(ISEs) wurden in Seen aufgrund ihrer geringen Nachweisgrenze und der Druck
Empfindlichkeit, selten verwendet.
Die hier vorgestellten Arbeiten verbinden neueste Entwicklungen auf dem Gebiet der
Festkontakt-ionenselektiven Elektroden (SC-ISEs) und zeigt Möglichkeiten auf, neue Einblicke
in aquatische ökologische Prozesse zu gewinnen. Um das Ziel einer hochauflösenden
Profilierung von Nährstoffen und anorganischem Kohlenstoff Spezies zu erreichen, wurden
neue Festkörpersensoren mit Materialien und Aufbau so optimiert, dass sie für Messungen im
Seewasser geeignet sind und robust gegenüber Änderungen von Redoxbedingungen, reaktiven
gelösten Stoffen und physikalischer Umgebung reagieren. Darüber hinaus haben wir ein in situ
Kalibrierungsprotokoll entwickelt, das Drift und Interferenzen berücksichtigt, die diesen
Sensortypen eigen sind.
Trotz idealer analytischer Leistung unter kontrollierten Laborbedingungen, können natürliche
Umweltbedingungen die Reaktion von SC-ISEs stark beeinträchtigen. Um solche Sensoren für
die Anwendung zu optimieren, stellen wir in einem ersten Schritt zwei Designs von
ammoniumselektiven SC-ISEs her, eines mit einem in der Sensormatrix dispergierten
Transducers zur Bildung einer einzelnen Schicht (SL) und ein weiteres mit einer zwischen der
Sensormembran und der resultierenden Glaskohlenstoffoberfläche angeordneten Transducers
in einer Doppelschicht (DL). Beim Einsatz in einem eutrophen See zeigte das SL-Design
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Sulfid-Empfindlichkeit, während der DL-Sensor keine Drift aufgrund von Sulfid-Interferenz
zeigte. Dies wurde auf die Abschirmwirkung der Sensormembran mit einem sehr niedrigen
Diffusionskoeffizienten zurückgeführt. Mit einem optimierten Kalibrierungsprotokoll konnten
wir aus den aufgezeichneten hochauflösenden EMF-Profile detaillierte Konzentrationsprofile
herleiten. Diese Daten lösten nicht nur erwartete Merkmale wie steile Gradienten am Übergang
zum anoxischen Hypolimnion auf, sondern deuteten auch Details über potentielle
Mineralisierungszonen im Epilimnion an, die auch durch aufwändige Probenahme übersehen
werden.
Das Sensor Design wurde weiter verbessert, um die Lichtempfindlichkeit der Signale zu
vermeiden, indem modifizierte mehrwandige Kohlenstoff-Nanoröhrchen (f-MWCNTs) als
Transducer ins DL-Design eingeführt wurden. Diese Lösung zeigte niedrige Driftwerte bei der
in situ-Kalibrierung und erwies sich als unempfindlich gegenüber hohen Sulfidkonzentrationen.
Mit der einfachen Herstellung und der robusten analytischen Leistung für Ammonium und pH
haben die f-MWCNT-basierten SC-ISEs ihr Potential als zuverlässige Kandidaten für
hochauflösendes Profilierung im Seewasser bewiesen.
Das DL-Schichtdesign mit f-MWCNTs wurde weiter genutzt, um ein ISE-basiertes System zu
erstellen, das gelöste CO2-Konzentrationen direkt misst, ohne dass Berechnungen oder
thermodynamische Überlegungen erforderlich sind. Das CO2-ISE-Paar bestand aus einer H+ selektiven SC-ISE, die direkt gegen eine CO32- selektive SC-ISE gemessen wurde. Die Vorteile
eines solchen Aufbaus im Vergleich zur herkömmlichen Severinghaus Sonde waren eine
schnelle Reaktionszeit von <10 s, eine hohe Selektivität für die CO2-Analyse mit unbedeutender
Interferenz durch andere Ionen und die Unempfindlichkeit gegenüber H2S. In dieser Studie
haben wir auch das Kalibrierungsprotokoll für in situ CO2-Messungen angepasst und
modifiziert und den Aufwand für die Probenahme auf nur zwei Punkte zur Drift- und
Interferenzkorrektur reduziert. Feine Merkmale im hochauflösenden CO2-Profil des ISE-Paares
könnten auf eine Mineralisierung organischer Substanzen in einer schmalen Zone unmittelbar
unterhalb der Oxykline hinweisen.
Verschiedene Sensortypen wurden für die in situ-Anwendung in einem geschichteten See
entwickelt, und getestet. Die analytischen Herausforderungen wurden angegangen, indem die
Eigenschaften der Bausteine der Sensoren auf die gewünschte Anwendung abgestimmt wurden
und ein optimiertes Protokoll für die Kalibrierung entwickelt wurde. Mit Reaktionszeiten von
nur wenigen Sekunden, mit ihrer Unempfindlichkeit gegenüber Änderungen der
Redoxbedingungen, sulfidischen Umgebungen und variierenden Lichtintensitäten eröffnen die
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Profilierungssysteme mit integrierten SC-ISEs die Möglichkeit für viele weitere in situ
Anwendungen zur Untersuchung der Biogeochemie von Süßwassersystemen.

Chapter 1

General introduction
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Numerous biogeochemical processes occur in very narrow zones in aquatic systems.
Photosynthesis, respiration, nitrification, denitrification and other biotic interactions could be
rapid in time and often create heterogeneous layers that may lead to steep redox and nutrient
gradients. This chemical heterogeneity at the local scale may in turn trigger the growth of
autotrophic or heterotrophic organisms that benefit from such gradients and show competitive
or symbiotic behavior at the microscale in the water column.1-3 These processes are active at
scales <1m scale in the water column of lakes4 and reservoirs and may have significant global
impact as they are responsible for the fate, cycling and release of carbon and nutrients released
via various anthropogenic activities. The implications of these processes could be linked to
biogeochemical drivers that trigger algal blooms, and therefore affect the management of
ecosystem services in the context of water quality and eutrophication.5 Moreover, some
processes can also be important contributors to greenhouse gas (GHG) emissions, but accurate
estimates of these fluxes from fresh water systems are still in the development process for global
budgets.6 As it was demonstrated in various studies, biogeochemical reaction hotspots host
organisms that can act as sources or sinks for GHGs in the water column e.g.
gammaproteobacterial methanotrophs mediating in aerobic methane oxidation in low light
conditions in almost anoxic environments close to oxycline in shallow lakes.7
High-resolution in situ measurements can help to gain new insights in to mechanisms, intensity
and implications of such processes that could not be provided by discrete sampling and
subsequent laboratory analysis. Conventional samplers like Niskin bottles integrate over ~50
cm owing to their dimensions. Furthermore, the chemistry and speciation of the obtained
samples can be affected due to storage and changing environmental conditions that may result
analytical artifacts. There is a large choice of environmental sensors available commercially
and for automated and continuous monitoring.8-11 Existing sensor platforms for inland waters
usually integrate sensors for physical parameters like temperature, conductivity,
photosynthetically active radiation (PAR), and fluorescence based sensors for chlorophyll and
DOM measurements.12-14 These platforms are also often equipped with standard sensors for
analyzing chemical parameters like H2S by amperometric microsensors,15 pH based on glass
type potentiometric electrodes12 and dissolved O2 using micro-optodes.4
For nutrients, on the other hand there are not many sensors or sensor platforms available for in
situ measurements at high resolution. The wet chemistry options currently available are based
on flow injection analysis that involves chromogenic reactions requiring sampling, fluid
handling, mixing, storage and replenishing of reagents. The readout is instrumental and
normally it is in order of few minutes. These type of sensors could be beneficial for long term
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monitoring at single or several discrete depth points as the analyzer offers detection limits of
~0.1µM.16 The data evaluation thus becomes complicated when such a system is expected to
be synchronized with the sensors for physical parameters, which have much faster with
response, times in the range of milliseconds to seconds. Typically, a response time of few
seconds is needed to achieve cm-scale resolution in profiling applications for the water column
of lakes. On this front, zero current potentiometry with ion selective electrodes is one of the
simplest techniques based on electrochemical analysis and is promising for direct detection of
nutrients.17
1.1 Ion selective electrodes and zero current potentiometry
Possibly one of the most successful types of chemical sensors are ion selective electrodes
(ISEs), which can be utilized to determine the concentration of selected ions by a very simple
measurement of the electric potential with a voltmeter (Figure 1.1). The set-up of potentiometric
measurements consists of an indicator electrode and a reference electrode that are immersed
into the sample solution and connected to two terminals of a voltmeter. In most of the
measurement setups a membrane is made from (i) glass (ii) water in soluble precipitate or (iii)
polymeric film impregnated with water immiscible liquid, organic ion exchanges and a
complexing agent. This membrane is attached to the cylindrical body of the indicator electrode
that separates the sample solution and the inner filling solution of the ISE. Potentiometric
measurements are usually performed under zero current conditions in a galvanic cell.17

Figure 1.1. Potentiometry with ion selective electrodes (ISEs) (A) set up for analysis typical
potentiometric (B) response curve for monovalent cations (open circles) with a slope of 59.2mV decade1
and for divalent cations (solid circles) with 29.6mV decade-1. Intercepts of linear ranges represent the
detection limits for respective sensor.

The electromotive force (EMF) across the cell is a sum of various potentials, many being
independent of the sample.
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EMF
Where,

is the membrane potential,

E

E

E

(1.1)

is the junction potential which is often assumed

constant and is therefore neglected. E

includes the potential at the internal interfaces. The

polymeric type membranes are the focus of the presented work. There are three models
describing the mechanism of ISE response namely kinetic, space charge, and phase boundary
potential (PBP) models.18 The PBP model is used here to explain the ISE response mechanism
for simplicity. It considers the membrane potential as a sum of the potentials formed at the
membrane-solution interfaces and generally neglects the diffusion potential within the
membrane19:
E
where

E

E

(1.2)

is the phase boundary potential at the membrane–sample interface, which is

calculated from basic thermodynamic considerations:
(1.3)
where R, T and F, are, correspondingly, the universal gas constant, absolute temperature, and
the Faraday constant, z is the ion charge and

and

are the activities of the ion i

in the aqueous and membrane phases, E0, is a function of the standard chemical potentials.
Activity of the ion i in the membrane phase does not depend on the activity of the ion in aqueous
phase hence it is considered to be constant. This simplifies eq. (1.3) to the famous Nernst
equation:
E

E

ln a

aq

(1.4)

which describes the response of ISEs to changes in ion activity. The EMF signal shows a linear
response to the logarithmic ion activity with the Nernstian slope of 59.2 mV decade-1 for Z= 1
at 298 K (as demonstrated in Figure 1.1B with open circles).18 The first key element in the
membrane is the ion exchanger, which fixes the concentration of hydrophilic analyte ions in the
membrane by maintaining the electroneutrality condition in the membrane. The second key
membrane component is the ionophore that selectively binds to the analyte ions. The selectivity
of the carrier-based sensors thus depends on the capacity of the ionophore to selectively bind
to a primary ion (i) in contrast to an interfering ion (j) and their respective differences in the
lipophilicities. The selectivity of ISE is a crucial factor for their application in the field. It is
quantitatively described by the extended Nernst equation, the so-called Nicolsky-Eisenman
equation eq.(1.5)20:
E

E

ln a

K

a

(1.5)
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is the potentiometric selectivity coefficient.

1.2 Analytical performance criteria
The main criteria that are usually considered as quality control tools for performing quantitative
analysis with ISEs are described briefly in this section
Sensitivity
The sensitivity of an ISE is defined by the slope of the calibration curve of the logarithm of ion
activity of interest against the EMF recorded against the reference electrode by the voltmeter.
The theoretical value of the slope is defined by

which equals to 59.2 mV decade-1 for a

monovalent ion and 29.6 mV decade-1 for a divalent ion at a temperature of 298 K. The
sensitivity indicates proper functioning of the electrode but in many cases especially during
applications in a natural water matrix sub Nernstian or super Nernstian response is observed.
Selectivity
As described at the end of section 1.1, selectivity of an ISE is defined by its selectivity
coefficient

for the primary ion (i) and the interference (j) which is derived from Nikolski-

Eisenman equation (Eq. 1.5). Unbiased selectivity coefficients are obtained only if the standard
potential has been calculated with ISE exhibiting a Nernstian response for both ions. There are
various methods to determine the selectivity coefficients experimentally namely, the separate
solution method (SSM), the fixed interference method (FIM) and the mixed potential method
(MPM).21
Applications in natural waters are often challenging because of large and sometimes as well
varying concentrations of interfering ions present in the matrix which could potentially limit
the application at a given concentration range. The response of ISEs needs to be corrected for
such interferences and if the sensor is measuring outside its detection limit, data should be
discarded.
Limit of detection
The most probable value of the detection limit (DL) determined from the cross point of the lines
fitted to the linear segments of the EMF vs. log ai curve where ai denotes the single ion activity
of the primary ion, I (see Figure 1.1B). The lowest and highest concentration values for the
detection limit, LDL and HDL, respectively, are determined as DL taking into account the
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minimum and maximum slope values with 95% of the confidence interval.22 The membrane
processes involved in determining the LDL have been thoroughly studied. There are two main
processes that contribute to the determination of LDL, the first one is fluxes from the membrane
to the sample and the second is related to the concentration of interfering ions.23 In the absence
of the first process and for ideal membranes the ultimate lower detection becomes possible.
This approximately equals to the following equation.
a LDL

K

a

(1.6)

The HDL is reached when the permselectivity is lost due to coextraction process of the primary
ions with their counter ions takes over because of high concentrations of primary ions in the
sample solution. The limit of detection is very important to consider when there are number of
interfering ions present in the matrix in various concentrations that basically define the
applicability of the particular sensor for the desired application in natural waters. For instance
in presence of potassium ions the limit of detection for ammonium sensing is affected. Also
selectivity of carbonate ionophores for chloride ions plays a role in carbonate analysis especially
in applications for seawater.
Stability
Stability of a sensor is one of the most important parameters to consider in field analysis of real
world samples in uncontrolled conditions. The stability of the sensor could be expressed as drift
value. When the cell voltage recorded in a solution of constant composition and temperature
changes linearly with time the slope of a line fitted the Ecell versus time data points provides the
drift in units mVs-1. The drift can be of different types (i) parallel drift, (ii) concentration
dependent drift, and (iii) random drift. The drift is termed as parallel when only E0 changes but
the slope of the calibration curve (S) remains constant. If this change is slow and unidirectional
it is possible to make corrections in the sample cell voltage readings by repeated evaluations of
the E0 value of the calibration curve between the sample measurements (single point
calibration). The drift is termed concentration dependent when its value is influenced by the
sample composition and influences the slope of the calibration curve, e.g., the drift can be
different in its sign and magnitude at high and low concentrations. This type of drift is often
correlated by slow changes in the ion-selective membrane composition due to interference or
leaching of membrane components into the sample. If the rate of such changes is slow, repeated
two point calibrations for determination of both E0 and S can significantly improve the results.
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The drift is random when cannot be evaluated by any regular pattern. As a result, random drift
cannot be compensated. 24
Response time
The response time can be defined as the time which elapses between the instant when an ionselective electrode and a reference electrode are brought into contact with a sample solution (or
at which the activity of the ion of interest in a solution is changed) and the first instant at which
the potential change, ΔE/Δt, becomes equal to a limiting value selected on the basis of the
experimental conditions the accuracy requirements. Typically t95 is considered as quality
criterion which corresponds to the time necessary to reach 95% of the limiting value.25
Profiling the water column
Fast response times are a prerequisite for profiling applications in the water column. There are
additional challenges, however, that could only recently be addressed. Over the last decade,
many efforts have been made for utilizing potentiometric ISEs for in situ sensing of nutrients
and species relevant to carbon cycle in sediments.26, 27 These sensors exhibit a LDL on the scale
of µM in laboratory which is sufficient for profiling in sediments with high analyte
concentrations. The demands on detection limits are more severe, however, for applications in
the water column as a result of low analyte concentrations. Recent developments in ISEs were
critical for developing profiling applications. As sensor configuration moved from the inner
filling design to all solid state probes, the potential of nanomolar detection levels was first
realized.28, 29 Newly synthesized materials are now available that facilitate the development of
robust sensor types.30 Finally, recently developed ionophores offer improved selectivities.31 All
these developments have not yet been translated into in situ applications in natural waters. The
following section provides brief introduction into different sensor designs, lists advantages of
solid contact ISEs (SC ISEs) and discusses the properties of these sensors that are crucial for
an in situ high resolution profiling application in the lake water column.
1.3 Solid contact ion selective electrodes
Solid state sensor designs were developed with the aims of miniaturizing sensors and to resolve
the problem of possible leakage of ions from the membrane to the sample which limits the LDL
of an ISE. In this design, the inner filling liquid was replaced by a solid contact. Numerous
early attempts in developing solid contact ISEs (SC ISEs) did not succeed to standardize the
design as the stability of such SC ISEs was poor. The widely used approach
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Figure 1.2. Various designs of ISEs in practice, (A) inner filling liquid design, (B) solid contact design
with conducting polymer as transducer and (C) solid contact design carbon based material as transducer,
where Δφ represents individual phase boundary potential.

then was a SC ISE based on a coated wire design where a platinum wire was simply dip coated
with the polymeric membrane solution (usually polyvinyl chloride).32 It was observed that there
was instability in response on long term applications due to the formation of a water layer
between the membrane and the solid contact.33 This caused a potential drift due to the lack of
a reversible transmission of ionic conductance in the membrane to the solid contact. The use of
membranes with a low diffusion coefficient seemed to help to reduce the water layer
formation.29 Generating a redox active and lipophilic layer between the electron conducting
substrate and the membrane was one way to obtain stable potentials. This could be achieved by
depositing conductive polymers as a transducer layer sandwiched between membrane and the
solid substrate (Figure 1.2B). The popular conducting polymers used for this purpose are
polypyrroles, polythiophenes, polyanilines and many more.34 The deposition was usually
achieved by drop casting, electrochemical polymerization with cyclic voltammetry or
galvanostatic techniques.18 The main disadvantage of using a conducting polymer as a solid
contact is that most of them show significant light sensitivity.35 Many carbon based
nanomaterials thus gained much attention to eliminate the light sensitivity issue.30 The
principles of ion-to-electron transduction in carbon nanotubes (CNTs) are not based on a redox
reaction and ion exchange properties as in electroactive polymers but on the charge transfer of
carbon nanotubes.36 The mechanism could be schematically understood as an asymmetric
capacitor with the electronic charges (electrons/holes) in the CNTs on one side and ions in the
ion selective membrane on the other side (Figure 1.2C). Also, the large surface to volume ratio
of such nanomaterial was proven to be beneficial for the charge transfer process. The major
issue that remained challenging was the fabrication of a uniform layer of CNT based solid
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contacts owing to the low dispensability of CNTs in most aqueous and organic phases. In spite
of all the challenges SC ISEs still, remained attractive for the in situ applications in lake water
profiling because of their following inherent advantages:


pressure proof design



easy fabrication and handling



dry storage



negligible transmembrane flux



measurements possible in any preferable orientation

When customized with an optimized choice of materials like attempts CNTs for minimizing
light sensitivity or the membrane materials with low diffusion coefficient, the SC ISES promise
to offer robust sensor solutions for in situ applications.
1.4 Profile Ion Analyzer (PIA)
In situ measurements were performed with a custom-built profiling set up, the profiling ion
analyzer (PIA, Figure 1.3).37 PIA combined commercial sensors for recording different
physicochemical parameters such as dissolved O2, photosynthetically active radiation (PAR),
conductivity, temperature, pH with a syringe sampler (KC Denmark, Figure 3A). Data were
acquired by a built-in microprocessor (ZBrain, Schmid Engineering systems AG, Switzerland).
Waterproof amplifiers for individual SC ISE were integrated with the PIA set-up (Figure 3C,
2D). The syringe sampler was equipped with 12 syringes of 60ml for sampling at a desired
depth points and was triggered on-board. The samples were analyzed for cations, anions,
nutrients (ammonium, sulfide, nitrate, nitrite, phosphate) and dissolved inorganic carbon (DIC)
by standard methods. To calculate dissolved CO2 in syringe samples, total DIC (measured by
TOC analyzer, Shimatzu), in situ temperature, pH and ionic composition were fed as an input
to the speciation program PHREEQC.38
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Figure 1.3. Profiling ion analyzer (PIA) a custom-built profiling set up that accommodates a syringe
sampler, commercial sensors (A, B) and waterproof amplifiers that house SC-ISEs (C, D) and for
physicochemical characterization of the water column.

1.5 Field site
Lake Rotsee is a small wind shielded lake in Canton Luzern (Switzerland) with a surface area
0.48 km2, average depth of 9 m and a maximum depth of 16 m (Figure 1.4). It starts stratifying
in spring and the stratification continues until late autumn. During the stratification period, the
chemocline develops at 8-11 m depth and anoxic conditions are built within the first month of
stratification in the hypolimnion.39 Due to its eutrophic nature, steep redox and nutrient
gradients are observed across the oxycline during the stratification period. The biogeochemical
conditions in Lake Rotsee during summer are ideal for assessing the analytical performance of
chemical sensors as the lake offers a water column with extreme redox gradients and a
succession of distinct water-layers with different biogeochemical process occurring at narrow
spatial scales.40
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Figure 1.4. Location and bathymetry of Lake Rotsee (Switzerland), the solid triangle shows profiling
location at the deepest point in the lake. (Modified from Lotter et al.41)

1.6 Outline
This dissertation was a part of the interdisciplinary research project: ‘In-situ sensing tools for
understanding rapid microscale plankton dynamics’, in close collaboration with Prof. Dr. Eric
Bakker (University of Geneva) and Dr. Francesco Pomati (Eawag, Dübendorf) and funded by
the Swiss National Science Foundation- SNF (Grant No. 147654).
The thesis is divided in three main chapters, which discuss the developments of SC ISEs for the
in situ application in fresh water lakes at cm-scale resolution. These chapters further comment
on the different designs and materials that could be utilized with their respective advantages
and disadvantages for coping with the challenges encountered during the field deployments.
Development of an in situ calibration protocol is also illustrated to obtain accurate highresolution in situ profiles for species of the nitrogen and carbon cycle in Lake Rotsee near
Luzern, Switzerland.
Chapter 2: In-situ ammonium profiling using solid contact ion selective electrodes in eutrophic
lakes
A profiling setup for in-situ measurements in Lake Rotsee with potentiometric solid-contact
ion-selective electrodes (SC-ISE) and a data processing method for sensor calibration and drift
correction are presented. Ammonium was chosen as a target analyte as it is the most common
reduced inorganic nitrogen species involved in various pathways of the nitrogen cycle and is
therefore indicative of numerous biogeochemical processes that occur in lakes. One of the
designs, with a composite carbon-nanotube-PVC based membrane, suffered from sulfide
poisoning in the deeper, sulfidic regions of the lake. In contrast, electrodes containing a
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methacrylate copolymer based sensing membrane on top of a conducting polymer layer as a
transducer did not show this poisoning effect. We discuss the possible mechanisms for such a
poisoning effect and recommend the later design for in situ profiling. In the end, we demonstrate
the high resolution profiles obtained by both SC-ISEs and discuss the insights gained.
Chapter 3: Robust Solid-Contact Ion Selective Electrodes for High-Resolution In-Situ
Measurements in Fresh Water Systems
We fabricated ammonium and hydrogen ion selective SC-ISEs with functionalized multiwall
carbon nanotubes (f-MWCNT) as a solid-contact. Sensors were easily fabricated, insensitive
towards strong redox changes, high sulfide concentrations and bright daylight conditions. They
exhibited short response times (<10s) which are a prerequisite for profiling applications in the
water column of lakes. SC-ISEs based on f-MWCNTs are proposed to be well suitable for
future high-resolution in-situ profiling applications of ionic species in freshwater lakes.
Chapter 4: Fast Potentiometric CO2 Sensor for High-resolution In-situ Measurements in Fresh
Water Systems
In this chapter we present a new potentiometric sensor set up and a calibration protocol for in
situ profiling of CO2 with high temporal and spatial resolution in freshwater lakes. With a
response time (t95%) of <10s this fast measurement allows profiling at high spatial resolution.
The sensor setup is compared to a classical Severinghaus CO2 probe simultaneously. Moreover,
the observed insensitivity of the set up towards sulfides makes it possible to profile in sulfidic
and anoxic zones in fresh waters, which is also a major drawback of the classical Severinghaus
CO2 probe. The high-resolution profiles offer the potential to investigate reaction hotspots of
the carbon cycle even at cm scales in both oxic and anoxic waters Such measurements could
improve the mechanistic understanding of processes and turnover rates affecting the aquatic
carbon budget.
The last chapter of this thesis summarizes the developments with respect to in situ applications
of SC ISEs and outlines possible applications and future developments
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ABSTRACT
A promising profiling setup for in-situ measurements in lakes with potentiometric solid-contact
ion-selective electrodes (SC-ISE) and a data processing method for sensor calibration and drift
correction are presented. The profiling setup consists of a logging system, which is equipped
with a syringe sampler and sensors for the measurement of standard parameters including
temperature, conductivity, oxygen and photosynthetically active radiation (PAR). The setup
was expanded with SC-ISEs in galvanically separated amplifiers. The potential for high
resolution profiling is investigated by deploying the setup in the eutrophic Lake Rotsee (Luzern,
Switzerland) using two different designs of ammonium sensing SC-ISEs. Ammonium was
chosen as a target analyte since it is the most common reduced inorganic nitrogen species
involved in various pathways of the nitrogen cycle and is therefore indicative of numerous
biogeochemical processes that occur in lakes such as denitrification and primary production.
One of the designs, which uses a composite carbon-nanotube-PVC based membrane, suffered
from sulfide poisoning in the deeper, sulfidic regions of the lake. In contrast, electrodes
containing a plasticizer free methacrylate copolymer based sensing layer on top of a conducting
polymer layer as a transducer did not show this poisoning effect. The syringe samples drawn
during continuous profiling were utilized to calibrate the electrode response. Reaction hotspots
and steep gradients of ammonium concentrations were identified on-site by monitoring the
electrode potential online. Upon conversion to high-resolution concentration profiles, fine scale
features between the calibration points were displayed, which would have been missed by
conventional limnological sampling and subsequent laboratory analyses. Thus, the presented
setup with SC-ISEs tuned to analytes of interest can facilitate the study of biogeochemical
processes going on at the centimeter scale.
INTRODUCTION
In-situ measurements are becoming increasingly important for the study of lake ecosystems as
numerous biogeochemical processes in the water column are confined to very narrow zones and
can be highly dynamic in time and heterogeneous in space,1-3 resulting in steep gradients of
nutrients and redox conditions. The investigation of these processes requires monitoring at high
temporal and spatial resolution, which cannot be obtained by discrete sampling and subsequent
laboratory analysis. New insights into these biogeochemical dynamics and their intensity can
only be gained by high resolution in-situ measurements, which eliminate biases resulting from
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preservation and storage of samples, as well as from changing environmental conditions. In
addition, in-situ profiling helps define boundaries of different layers such as the oxic-anoxic
interface.4 These boundaries can be extremely narrow in lakes (less than 1 meter) and are thus
not accessible by classical water sampling techniques, since samplers typically integrate over
~50 cm due to their dimensions. Modern sensor techniques are promising tools to overcome the
shortcomings of classical analytical approaches. Existing automated platforms or buoys on
lakes are usually equipped with sensors for physical parameters like temperature, conductivity,
photosynthetically active radiation (PAR) and fluorescence based sensors for chlorophyll
measurements.12-14 In-situ sensor applications for lake-water profiling are rarely reported for
the parameters beyond the standard set of oxygen, pH, and sulfide.12 Reliable sensors for other
parameters like nutrient species are lacking.
Ion-selective electrodes (ISEs) have not been widely used for profiling dissolved chemical
species like NO3-, NH4+, NO2- or trace metals in lakes. This can be attributed to the presence of
these chemical species in surface waters at concentrations close to the detection limits reported
for the commercially available electrodes and the presence of interfering ions, which cause
additional complications for the measurement. Therefore the quantification of the
aforementioned chemical species poses challenges in terms of electrode performance and signal
stability. Most commercially available ISEs are based on an inner filling design,42 which suffer
from changes in pressure with depth and thus are not suitable for in-situ profiling deep in lakes.
In addition, very low detection limits are difficult to reach with an inner filling design due to
transmembrane ionic flux from the inner electrolyte to the sample.43 During the last decade,
significant achievements in potentiometric sensing have been reported that could widen the
application of ISEs in freshwater studies, most notably improved selectivity and low detection
limits that can reach nanomolar concentrations for some analytes.28, 44, 45 The introduction of
the solid-contact (SC) design makes ISEs more robust and insensitive to high pressures and also
allows storage in dry conditions.18,

46, 47

Thus, SC-ISEs, which were mainly used under

controlled laboratory conditions until now have evolved into promising tools both for
limnologists and managers of lakes and river basins to carry out in-situ measurements in the
water column at high temporal and spatial resolution. The current lack of systematic studies and
protocols for the in-situ application of SC-ISEs and hence lack of commercialization, has
motivated the presented work.
In this manuscript, we aim to present a profiling system for in-situ measurements in lakes and
investigate its applicability for two designs of ammonium selective solid contact ISEs and also
illustrate advantages and limitations of the individual designs. The system was validated in the
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stratified eutrophic Lake Rotsee (Luzern, Switzerland) with a steep oxycline. NH4+ is one of
the dominant forms of dissolved nitrogen in fresh water systems generated by heterotrophic
bacteria as the primary nitrogenous end product of decomposition of proteins and other Norganic compounds. As it is photosynthetically assimilated, stored, transformed and excreted
by aquatic organisms, turnover rates for NH4+-N are rapid in water and thus NH4+
concentrations are indicative of zones of high biogeochemical activity.48 Since concentrations
are commonly low, NH4+ contents of water samples can change quickly and markedly. Storage
of samples can cause unavoidable changes after classical sampling. Thus in-situ chemical
profiling of ammonium at the centimeter scale can shed more light on biogeochemical drivers
and factors governing the growth of algal blooms, which is important for the management of a
number of ecosystem services linked to water quality and eutrophication.5
We employed two different sensor designs for in-situ profiling: a single layer design based on
a single composite polyvinyl chloride (PVC) membrane impregnated with carbon nanotubes
(CNTs) as a transducer and a double layer design made up of a plasticizer-free methyl
methacrylate-decyl methacrylate copolymer (MMA-DMA) sensing layer on top of a conducting
polymer poly(3-octylthiophene-2-5-diyl) (POT) layer as a solid contact. Both designs were
adapted for NH4+ analysis following previous reports.28, 49
EXPERIMENTAL SECTION

The single layer design electrode was fabricated following Zhu et al.49 and the double layer
design by adapting the basic protocol of Chumbimuni-Torres et al.28 and modifying the
membrane composition to yield a NH4+ selective SC-ISE. A detailed description of electrode
preparation, reagents, and laboratory tests can be found in the supporting information (SI).
Profiling Ion Analyzer
The sensing system for the ISE measurements was integrated into a custom built Profiling Ion
Analyzer (PIA; see Kirf et al.4 for details). For in-situ deployment, the SC-ISEs were connected
to a waterproof galvanically isolated potentiometric sensing system in order to preclude crosstalk between the measuring units. For stability and noise rejection, an instrumentation amplifier
(BURR-BROWN, INA116, Texas Instruments, USA) with ultra-low input bias current (3 fA)
and a high common-mode rejection (84 dB) was used. The EMF for each indicator electrode
(mini glassy carbon electrode, Metrohm AG, Switzerland) was measured against a separate
solid-state reference electrode (MRX11 NT-sensors S.L., Spain) by using a platinum wire as
common solution ground (INA116 datasheet, BURR-BROWN).27 All data was recorded by a
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Z-Brain data logger (Schmid Engineering Systems AG, Switzerland). In addition to the ISE
system, PIA was equipped with additional sensors to characterize the water column, specifically
a photosynthetically active radiation (PAR) sensor (193SA spherical sensor, LI-COR, USA), a
CTD probe for measuring conductivity, temperature and depth (XR-420, RBR Ltd., Canada)
and needle type optodes for measuring dissolved oxygen concentrations (PreSens - Precision
Sensing GmbH, Germany). A syringe sampler was integrated into the PIA system that allowed
retrieval of 12 syringe water samples at different depths with a volume of 60 mL along with
simultaneous recording of EMF by ISE and all other integrated measurements.
Field site
Lake Rotsee is a small lake in Canton Luzern (Switzerland) with a surface area 0.48 km2, mean
depth of 9 m and a maximum depth of 16 m. Stratification of the lake starts in spring and
continues until late autumn. During the stratification period the chemocline develops at 8-11 m
depth and anoxic conditions are established within the first month of stratification in the
hypolimnion.39 Lake Rotsee was chosen as a study site due to its steep solute and redox
gradients across the oxycline, permitting evaluation of the ability of SC-ISEs to detect changes
in NH4+ concentration and their performance under conditions as they typically occur in
temperate lakes.
Profile recording
In-situ profiles were recorded during the stratification period in August 2013 (first study) and
July 2014 (second study). In the first study the single layer CNT-PVC composite based SCISEs were deployed (abbreviated here as SL-CNT) and during the second campaign the double
layer design based on MMA-DMA layer on top of a POT layer was tested in the field
(abbreviated here as DL-POT). PIA was deployed with an electric winch that allowed
maintenance of a very low constant profiling speed (5 mm/s). The data was recorded in time
steps of 0.5 seconds. Ammonium-sensing SC-ISEs were deployed along with a syringe sampler
and samples were taken simultaneously during the profile recording at different depth intervals
to calibrate the SC-ISE response in-situ. Employing a syringe sampler instead of a conventional
sampler avoided possible smearing of gradients and peaks in the water column due to its high
spatial resolution of approximately 7.5 cm compared to classical water samplers with a spatial
resolution of about 50 cm.
Lab analyses of syringe samples
Total sulfide and ammonium was determined by spectrophotometric analysis following Cline
et al.50 and Parsons et al.,51 respectively (Figure 2.1). Concentrations of K+, Ca2+, Mg2+ and Na+
were determined using ion-chromatography (SI Table 2S-1).
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Figure 2.1. Concentration profiles of ammonium, potassium and sulfide in the first (August
2013) (A) and the second (July 2014) (B) field study determined in discrete syringe samples.
Table 2.1. Comparison of two designs with respect to detection limits, long term stability and
tests for water layer, pH sensitivity and redox sensitivity.
Sensor
design

Detection
limit

Long term
stabilitya

(M)

Drift (mV/h)

SL-CNT
DL-POT

2.6 x 10-7
2.2 x 10-7

<1
3.6

a
b

Water layer pH sensitivity
testa
testb
No drift
No drift

Redox
sensitivitya

(mV/decade)

(mV/decade)

No drift49
0.07

3.4
0.6

was carried out in 10-3 M NH4+ solution
was carried out in 10-4 M NH4+ solution

RESULTS AND DISCUSSION
Choice of sensor design
The focus of this manuscript is the in-situ application of two types of NH4+ SC-ISEs integrated
with PIA in a eutrophic lake with steep NH4+ and redox gradients. We were inclined to adapt
POT-based sensors for NH4+ because of their quality with respect to their detection limit (~0.22
µM, this study), lack of drift in long term potential monitoring under lab conditions, excellent
stability over changing redox and pH conditions, lack of drift in water layer tests and
encouraging reports34, 52 on the design and materials. The employed membrane matrix (MMADMA) has a diffusion coefficient ~1000 times lower than PVC, which is the conventional
material for membrane matrices.53 The lower diffusion coefficient translates into lower
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detection limits. Clear advantages of the transducer (POT) are the ease of deposition of due to
its solubility in organic solvents, the ability to achieve lower detection limits by facilitating
small ion-fluxes between ion selective membrane and solid contact layer, the excellent
properties as an ion to electron transducer and its commercial availability in a reduced and
semiconducting form.29
Since light sensitivity can limit the use of POT-based ISEs under field conditions,35 we chose
to test the single layer design with carbon nanotube (CNTs) as ion to electron transducer which
served as an alternative electrode design. Previous studies claimed that CNTs are not sensitive
to light,54, 55 changes in pH and redox potential.49, 56, 57 The ease of application of the membrane
solution with dispersed CNTs as transducer on a glassy carbon substrate was the major reason
to employ composite membrane design for CNT based SC-ISEs. Also the commercial
availability of all membrane components directed us to test the field applicability of this single
layer design.
Quality checks on electrode response, redox, pH sensitivity, and water layer formation were
performed prior to the in-situ measurements (Table 2.1 and SI). These tests revealed almost no
drifts in potential during the water layer test (SI Figure 2S-2). Also pH and redox sensitivity
tests did not reveal any significant changes in potential for the double layer design (Table 2.1
and SI Figure 2S-3 and 2S-4) and only slight changes in redox sensitivity for the single layer
design (Table 2.1 and SI Figure S-3). The detection limit for DL-POT SC-ISEs was ~2.2 x 107

M and for SL-CNT SC-ISEs was ~2.6 x 10-7 M, showing linear responses within the range

log cNH+4 = -6 and -3 (Table 2.1 and SI Figure 2S-1). The response time (t95%) was calculated
according to IUPAC conventions and was found to be less than 10 s after changing the activity
of the test solution.

Physico-chemical conditions in the Lake Rotsee
Temperature, oxygen and sulfide profiles show the typical behavior frequently encountered in
eutrophic lakes during the stratification period and were similar during both campaigns (Figure
2.1 and 2.2). During the first campaign the thermocline was observed at a depth from 4.5 - 6.5 m
with a drop in temperature from 24 °C to 14 °C, while in the second study the thermocline
extended between a depth of 5.0 - 9.0 m and the temperature dropped from 20 °C to 11 °C in
this zone. A 2 m thick oxycline started below the thermocline at 8.0 m, where the O2
concentration dropped from 650 µM to a sub-micromolar level in the first study and from 480
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µM to a sub-micromolar level at about 10 m depth during the second study (Figure 2.2A, 2.2B).
Below 10 m, sulfide was detected and its concentration increased with depth. A maximum
concentration of 140 µM during the first study and 147 µM in the second field study was
detected at 14 m depth (Figure 2.1A, 2.1B). The NH4+ concentration measured by
spectrophotometry increased from 3.0 µM at 2.0 m depth to 280 µM at the lake bottom in the
first study and from 2.0 µM at 2.0 m depth to 219 µM at 14 m in the second study. The K+
concentration was relatively constant throughout the water column. During the first study it
ranged from 33 - 45 μM, while in the second study it was observed to be 41 - 52 μM
(Figure 2.1A, 2.1B, SI Table 2S-1).

Figure 2.2. Profiles of dissolved oxygen concentration, temperature and photosynthetically active
radiation (PAR) in Lake Rotsee in the first (August 2013) (A) and the second (July 2014) (B) field study.

In-situ calibration of ISEs
The baseline EMF value (E0) for a SC-ISE is not absolute but depends on many factors such as
the conditioning state of the sensing membrane, the matrix in which measurements are

Chapter 2

31

performed, leaching of membrane components etc.58, 59 Thus to have control on varying E0 and
drift experienced in the field, which is inherent with ISE applications, frequent calibration is
needed for each profile to estimate reliable concentration profiles from electrode response. High
resolution sampling during profile recording ensured an optimal calibration of EMF response
against ammonium concentration values by excluding spatiotemporal misalignment between
measurements. The syringe samples were also analyzed for other ions, which might interfere
with ammonium analysis by the proposed SC-ISEs (e.g. K+, Na+, Mg2+, Ca2+).
Since the concentrations of major dissolved ions and thus also ionic strength are relatively
constant within the lake water column (Figure 2.1A, 2.1B, SI Table 2S-1) and NH4+ is not
involved in many complexation reactions, we considered NH4+ concentrations and not
activities. During both campaigns, we tested two electrodes in parallel. The in-situ calibration
curve, where the EMF values at respective depth points were plotted against log cNH+4 values
obtained from spectrophotometric analysis showed a sub-Nernstian response ranging from
44.7-50.8 mV/decade (Figure 2.3A, Table 2.2) for all four electrodes. The existence of subNernstian response indicated the presence of interferences.21, 60 Therefore, we developed a data
processing and correction scheme by critically examining the concentrations of all possible
interfering ions present in individual syringe samples and the EMF value at the corresponding
water depths (SI Table 2.1). The main quality criteria of the data correction was how closely
the corrected EMF- log cNH+4 displayed the Nernstian slope. In the anoxic part of the lake SLCNT1 and SL-CNT2 were found to undergo sulfide poisoning (discussed in detail in the section
sulfide sensitivity) so EMF values at lower depths were not considered for the in-situ calibration.
Also at first two depth points the EMF values displayed by DL-POT1 and DL-POT2 were lower
than the trend for reasons not known to us and were therefore not considered for the calibration.
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Table 2.2. Values of drift correction, optimized slopes and intercept determined by the in-situ
calibration.

SC-ISE

Drift

Slope

Intercept

(mV/s)

(mV/decade)

(mV)

50.89
44.67
50.59
50.74

294.33
212.22
411.34
439.11

Without Correction

SL-CNT1
SL-CNT2
DL-POT1
DL-POT2

-

Correction for the K+ interference

SL-CNT1
SL-CNT2
DL-POT1
DL-POT2

-

75.69
67.53
67.98
67.96

400.17
310.32
477.77
504.79

Drift correction by minimizing square difference

SL-CNT1
SL-CNT2
DL-POT1
DL-POT2

0.011
0.004
0.012
0.005

57.82
63.54
61.04
60.14

269.41
276.02
431.71
466.80

Figure 2.3. Concentrations of NH4+ measured spectrophotometrically vs. EMF (A), concentration
values obtained on potassium interference inclusion vs. EMF (B), concentration values obtained on
potassium interference inclusion vs. drift corrected EMF (C), values in brackets are the slopes of linear
regression.
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Cation interference and drift correction
A potential explanation for the sub-Nernstian response is interference from other cations,
especially in the upper part of the water column, since the concentration of NH4+ at a depth
pot

above 5 m was observed to be very low (<5 μM). The selectivity coefficient K

for the

,

PVC membrane with ammonium ionophore, nonactin, is 0.130.61 For the MMA-DMA
pot

membrane K

,

= 0.145 ± 0.01, which was experimentally determined by the fixed

interference method21 and found to be similar to the value reported by Muller et al..61 The high
selectivity coefficient for potassium and its concentration (~38 μM and ~46 μM for the first and
the second study, respectively), (Figure 2.1, SI Table 2S-1) suggest that it is the most interfering
ion and can introduce a concentration error of 5-7 μM to the measurements. For all other
possible interfering ions, i.e. Ca2+, Na+ and Mg2+, the respective selectivity coefficients and
concentrations in the water column were low enough to discard the possibility of substantial
effect on the measurements (SI Table 2S-1).61 Plotting EMF values against log(cNH+ + cK+ ×
4

pot

KNH+ ,K+ ) resulted in super-Nernstian slopes for all ISEs ranging from 67.96-75.69 mV/decade
4

(Table 2). Very low ammonium concentrations (1-10 µM) in the epilimnion caused the increase
pot

in the slope after consideration of the interference factor cK+ × K

,

(Figure 2.3A and

2.3B).
To address this super-Nernstian response, we determined an additional value for drift correction
d [mV/s], a new intercept E0 [mV] and a new slope S [mV/decade].
The expression
pot

log(cNH+ + cK+ × KNH+ ,K+ ) = (EMF - d × t - E ) / S
4

4

(Eq. 2.1) ,

where, EMF is expressed in [mV] and t is the time passed since the start of profiling [s], was
pot

fitted to the observed log(cNH+ + cK+ × K
4

,

) by minimizing the least squares difference.

This correction resulted in close to Nernstian responses, which suggests that the superNernstian slopes observed before fitting Eq. 2.1 were mainly caused by electrode drift in the
ISEs (Figure 2.3C). The drifts were relatively similar for both designs of electrodes (Table 2.2).
The long-term stability experiment and the water layer test in the laboratory could not account
for the drift witnessed during the field deployment (Table 2.1). A long-term potential drift due
to light dependence of the DL-POT design can be ruled out since the SL-CNT sensors show
similar drift values. The electrode drift observed in the field applications can be due to the
interaction of the membrane surface with dissolved organics and the leaching of membrane
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components due to continuous exposure of the sensor surface to lake water, which might alter
the membrane surface of the electrode.58, 62 A parallel drift46 with slow and unidirectional
changes in E0 was observed. The drift correction obtained by minimizing the least square
difference resulted in a single drift value which allowed rectifying the high resolution EMF
profiles for the presented in-situ application (Table 2.2).

Figure 2.4. Profiles of NH4+ concentrations in Lake Rotsee recorded by SC-ISEs for the first (August
2013) (A) and the second (July 2014) (B) field study and NH4+ concentrations in discrete syringe
samples by spectrophotometry. Insets show the same dataset at the low concentration range.

In the next step the corrected calibration parameters were applied to the continuous EMF
profiles. As the potassium concentration throughout the water column was observed as almost
constant, high resolution profiles for cNH+4 were calculated by subtracting the depth average of
pot

cK + × K

,

in order to correct for the K+ interference. The correction factors were 5.03 μM

and 6.78 μM respectively for the first and the second field study. The average error between
SC-ISE derived concentration values in the high resolution profile and spectrophotometrically
determined values from syringe samples at corresponding depths was calculated. It was found
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to be 1.45 μM, 2.70 μM for SL-CNT1 and SL-CNT2, respectively, down to 10 m depth and
6.90 μM, 8.04 μM for DL-POT1 and DL-POT2, respectively, to 13 m depth.
In the epilimnion above 5 m depth, NH4+ concentrations were <5 µM, meaning that K+ had a
major contribution to the EMF signal and ammonium concentrations were practically below the
limit of detection for the presented SC-ISEs from 2 to 5 m. From 5 to 10 m depth it was possible
to identify small scale features like peaks and gradient changes in the range (insets Figure 2.4A,
2.4B). Below 11 m in the hypolimnion the SL-CNT ISE suffered from a disturbance indicated
by a strong decrease of the electrode signal in spite of increasing NH4+ concentrations. This was
also reflected in the concentration profiles delivered by SL-CNT ISEs (Figure 2.4A) while the
DL-POT ISEs displayed increases in EMF with increasing ammonium concentrations in the
hypolimnion and revealed high resolution concentration profiles which followed the
concentration trend after application of the calibration protocol (Figure 2.4B).

Light-sensitivity
While POT-based sensors were reported to be light sensitive under strong irradiation,35 none of
the profiles recorded with the DL-POT type sensors revealed any light disturbance. This
suggests that this type of sensor is suitable for field measurements under moderate light
conditions as they are encountered during cloud cover. Light intensities measured by a PAR
sensor (LI-190, LI-COR, USA), had a maximum at ~200 µEm-2s-1 (Figure 2.2B) owing to
diffused light conditions during the second field study.

Sulfide sensitivity
In the first study, we observed a strong discrepancy between the NH4+ concentration estimated
by spectrophotometry and by SL-CNT1 and SL-CNT2 starting at ~11m. This is due to strong
decrease in EMF values in spite of increasing NH4+ concentrations. At 14 m depth the NH4+
concentration was about 280 μM, but estimates from SL-CNT1 and SL-CNT2 were as low as
40 μM, due to a decrease of EMF of about 50 mV. This severe discrepancy in the hypolimnion
could neither be attributed to the linear consistent electrode drift nor be explained only by a
possible redox sensitivity (Table 2.1, SI Figure 2S-3). The decrease in EMF of SL-CNTs
coincided with the appearance of sulfides (Figures 2.1A and 2.4A). The possibility of the solid
state reference electrodes being sensitive towards increasing sulfide concentrations in the
hypolimnion was discarded by performing a sulfide sensitivity check (data not shown) in which
EMF values were recorded against a double junction Ag/AgCl reference electrode under
increasing sulfide concentrations up to 300 µM of total sulfide (0.0014 mV/µM).
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Figure 2.5. Sulfide sensitivity test in 0.1 mM NH4Cl buffered at pH 7-8 under nitrogen, for both designs
of SC-ISEs.

In order to assess the possible influence of sulfides, a sulfide sensitivity test for SL-CNT SCISEs was performed. EMF of SC-ISE was recorded in N2 flushed 10-4 M NH4Cl solution
buffered at pH 7-8. Na2S solution was added to raise the sulfide concentration stepwise by 100
M. Before sulfide addition a drift of -0.001 mVs-1 was observed. After the addition of Na2S,
the drift increased significantly. On average, the drift increased by -0.008 mVs-1 after each
addition step (Figure 2.5), while no instantaneous change in potential was observed. The
electrode drift in the sulfidic zone at the lake bottom was even higher (-0.015 to -0.035 mVs-1).
Profiling data also revealed that at only about 20 μM sulfide concentration, the induced drift
masked the electrode response to NH4+ concentration (Figure 2.4A). The laboratory test as well
as the change of the EMF recorded in the sulfidic zone suggests that sulfides react continuously
with the sensor membrane instead of causing an instantaneous change in the membrane
potential. In contrast, high-resolution concentration profiles obtained by DL-POT ISEs agreed
well with the ammonium concentrations at sampling points from around 2 m down to 13 m
where the total sulfide concentration was around 75 µM (Figure 2.1B and 2.4B). The sulfide
sensitivity test for the DL-POT sensors revealed almost no change in EMF values with
successive increments of Na2S solution till 200 M of total sulfide concentration. The average
drift was observed to be 0.0003 mVs-1. The drift values plotted against the increasing sulfide
concentration, clearly show that the drift for the double layer design is negligible and is constant
under increasing sulfide concentrations while that for the single layer design changes (Figure
2.5). While high resolution profiles obtained by both designs follow the trend of ammonium
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concentrations in discrete samples throughout the oxic zone of the lake (insets Figure 2.4), the
DL-POT design also delivered concentration profiles in sulfidic-anoxic region (Figure 2.4B).
Although the SL-CNT design was observed to be sensitive in sulfidic regions, it is possible to
obtain high resolution profiles with this type of sensor in anoxic but not sulfidic zones in lakes.
This implies that the DL-POT type SC-ISEs are suitable for the in-situ application even in
sulfidic environments in the lake water column. The active involvement of the single layered
membrane with dispersed CNTs in sulfide sensitivity could be addressed in future by adapting
a double layer design as described in recent studies.30, 56, 63
New insights gained by high resolution NH4+ profiling
High-resolution NH4+ profiles in combination with dissolved oxygen measurements can shed
light on the zonation of primary production and mineralization of organic matter in the water
column. The results from the field campaign in August 2014 with the DL-POT SC-ISEs (Figure
2.2B and 2.4B) show increase in NH4+ concentration at the oxic-anoxic interface at
approximately 10 m which is typical for lakes with an anoxic hypolimion (Figure 2.4B).39 But
the peak in NH4+ concentration between 6-8 m is quite surprising. It is interesting to note that
this peak in NH4+ concentration is situated exactly at the oxygen minimum (7 m) (inset Figure
2.4B), observed between two oxygen maxima at 6 m and 8 m (Figure 2.2B). Two oxygen peaks
in the profile suggest existence of two groups of photosynthesizing organisms with different
requirements of light and nutrient supply. A likely explanation for the NH4+ peak is the
mineralization of organic substrate sinking from the upper zone of intense primary production
at 6 m. The released NH4+ in turn is consumed in both zones with intense phototrophy, while a
part is likely oxidized to NO3-. Features like these are normally missed when field campaigns
rely only on the conventional water sampling or could be mistaken for artifacts since, peaks
show up as only one data point. With in-situ profiling using SC-ISEs we were able to resolve
the whole peak instead of only obtaining a single, coincidental data point (inset Figure 2.4B),
adding credibility to the observations.
CONCLUSION

In-situ profiling measurements at high spatial and temporal resolution are becoming
increasingly important for limnologists to study specific regions of intensive biogeochemical
activity (reaction hotspots) within a temporally dynamic and spatially heterogeneous aquatic
environment. The presented profiling setup in combination with ammonium selective SC-ISEs
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is a first step in this direction. Issues like reactive solutes, interferences from other ions and
unexpected signal drift during the actual deployment in lake water posed challenges on sensor
design and data processing. In our study, the sulfide poisoning was tackled by choosing a double
layer design with a plasticizer free polymeric sensing membrane. The interference and drift
encountered were compensated for by empirical corrections. An in-situ calibration protocol
based on parallel sampling during profiling followed by quantitative analysis via standard
laboratory procedures was developed. On following such a protocol, the obtained high
resolution concentration profiles not only agreed with the concentration values in discrete
samples but also revealed fine-scale features in between sampling points. Although the derived
in-situ calibration protocol was found suitable for the reported application, further studies
should test the general applicability of the presented calibration and data correction scheme. In
addition, the profiling system could be equipped with a facility to allow in-situ calibration and
drift monitoring.

ACKNOWLEDGMENTS

The authors are grateful for financial support from the Swiss National Science Foundation-SNF
(grant No. 147654), the European Union (FP7-GA 614002-SCHeMA project), Sciex-NMS
fellowship and Latvian Council of Science (grant No. 526/2012).

Chapter 2

39

Supporting information

EXPERIMENTAL SECTION
Chemicals
Nonactin (ammonium ionophore I), sodium tetrakis [3,5-bis(trifluoromethyl) phenyl]borate
(NaTFPB),

tetradodecylammonium

tetrakis(4-chlorophenyl)borate

(ETH

500)

and

tetrahydrofuran (THF) were purchased in selectophore grade from Sigma-Aldrich.
dioctylsebacate (DOS), high molecular weight poly(vinyl chloride) (PVC), conducting polymer
Poly(3-octylthiophene-2-5-diyl), chloroform, methylene chloride, NaCl, NaOH, NH4Cl,
K4Fe(CN)6.3H2O, K4Fe(CN)6, Na2S and HNO3 were purchased from Sigma-Aldrich. Multiwall
carbon nanotubes (MWCNTs) with purity > 95%, outside diameter < 8 nm, inside diameter 25 nm, length 0.5-2.0 µm were purchased from NanoAmor Inc., MMA-DMA copolymer was
obtained from the research group of Prof. Eric Bakker, University of Geneva, and was
synthesized according to the protocol by Heng et al.64
Aqueous solutions were prepared by dissolving appropriate salts or diluting standard solutions
in Nanopure deionised water with a resistance of 18.2 MΩ cm-1. All standard and conditioning
solutions with a concentration of 1 mM or less were freshly made prior the use.
Indicator and reference electrodes
A mini glassy carbon electrode (Metrohm AG, Switzerland) was used as an indicator electrode
both in the lab and in the field. A double junction Ag/AgCl reference electrode (Metrohm AG,
Switzerland) containing 3M KCl as an inner solution and 1M CH3COOLi as a bridge electrolyte
was used for the lab experiments. Solid-state miniaturized reference electrodes RE MRX11 (NT
Sensors, Spain) were used for in-situ measurements. The proper functioning of these electrodes
was also tested in the laboratory.
Preparation of SL-CNT type SC-ISE
ISEs with PVC based membranes were prepared following Zhu et al.49 0.5 wt% of MWCNTs
and 5 wt% of block polymer Pluronic 127 were dispersed in 1ml THF under the sonication for
at least 3 h. Then 1 wt% of ionophore, 5 mmol/kg NaTFPB, PVC and plasticizer DOS in ratio
1:2 (by weight) were dissolved in 1 mL THF containing a dispersion of MWCNTs and Pluronic
127 in order to give a 100 mg of the total mass of membrane cocktail. About 70 µL of membrane
cocktail were applied by drop casting on the top of the indicator electrode. A 2 mm high fringe
constructed using a PVC tube was used to prevent the membrane cocktail from flowing from
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the electrode tip. Prepared ISEs were left to dry overnight at room temperature. Before
calibration ISEs were conditioned for 24 hours in 1 µM NH4Cl followed by 48 hours in 1 nM
NH4Cl.
Preparation of DL-POT type SC-ISE
For preparation of MMA-DMA-POT based SC-ISE the basic protocol by Chumbimuni-Torres
et al.28 was adapted. The membrane was prepared by dissolving a total of 200 mg of components
in 1.5 mL of methylene chloride: ammonium ionophore (I) (15 mmol kg-1), NaTFPB (5 mmol
kg-1), ETH 500 (10 mmol kg-1) and MMA-DMA. The membrane cocktail was degassed by
sonication for 10 min. Glassy carbon electrodes were cleaned and washed with methylene
chloride. The indicator electrode was introduced in the PVC tube at ~1 mm depth and 0.25 mM
POT solution in chloroform was applied by drop-casting 10 µL, repeated three times. The film
was left to dry for an hour and then 80 µL of membrane cocktail solution was applied on top of
the POT layer and was allowed to dry overnight. Electrodes were conditioned before calibration
by immersing them in 1 mM NH4Cl for 1 day followed by conditioning in 1 nM NH4Cl for 2
days.

Laboratory tests
During the lab experiments, a 16-channel EMF potentiometer (Lawson Labs Inc, USA) was
used to record EMF. Water layer test was carried out as described in Fibbioli et al33. Before the
water layer test, SC-ISEs were conditioned in 1 mM NH4Cl solution.
The redox sensitivity was tested by measuring potential in a solution with 1 mM total
concentration of [Fe(CN)6]4-/[Fe(CN)6]3- redox couple. The concentration ratios of the red-ox
couple were changed from 1:10 to 10:1.
The sulfide sensitivity test was carried out by monitoring EMF of SC-ISE on increasing
concentrations of sulfide by addition of Na2S 0.01 M in 0.1 mM NH4Cl solution till 200 µM
of the total sulfide concentration by maintaining lake water pH ( pH ~7-8) under nitrogen.
The pH sensitivity test was performed for the DL-POT SC-ISEs in 0.1 mM NH4Cl by adjusting
pH with 0.01 M NaOH.
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RESULTS

Laboratory tests
SL-CNT

electrodes

exhibited

detection

limits

~2.6×10-7 M

with

linear

response

57.2±1.1 mV/decade while detection limits for double layer design were ~2.2×10-7 M with
linear response 58.2 ± 0.2 within the range log cNH+4 = -6 and -3 (Figure 2S-1). In order to assess
the performance of the setup for in-situ measurements, the electrodes were first calibrated in
the laboratory by measuring changes of the potential of ion selective electrodes against the
solid-state reference electrodes and the EMF was recorded with amplifiers integrated in PIA.
Both the designs exhibited Nernstian response on the PIA setup. DL-POT electrodes exhibited
offset of ~20 mV during calibration, which is acceptable for similarly built SC-ISEs59, 62, can
arise due to slight differences in fabrication and conditioning process.

Water layer test
Signal stability of electrodes is an essential prerequisite for their practical application in
environmental monitoring in order to get reliable measurement data over longer time periods.
The test was performed to check for the formation of water layer in between solid contact and
membrane which leads to drifts. If there is no undesirable water layer between the ion-selective
membrane and transducer or conductor, electrodes do not exhibit positive potential drift after
the replacement of the solution containing primary ions with one containing interfering ions.
Both designs described in this manuscript didn’t show any significant changes in a potential
indicating that there is no formation of undesirable water layer (Figure 2S-2).

Redox sensitivity test
In temperate lakes thermal stratification of water column can develop in late summer and
continue till late autumn. In the hypolimnion of nutrient rich lakes, dissolved oxygen is
consumed in the mineralization processes of organic substances and along with the oxygen
gradient also a redox gradient develops. Concentrations of reduced compounds can increase
when the content of dissolved O2 is less than 3.12 µM65. In order to evaluate the suitability of
the fabricated electrodes to work across a chemocline, redox sensitivity tests were performed.
SL-CNT SC-ISEs exhibited a potential change of -3.4±0.2 mV/decade. In contrast, Zhu et al1.
didn’t observe any changes in potential when switching ratios of the redox couple [Fe(CN)6]4/[Fe(CN)6]3- from 3:7 to 7:3. The MMA-DMA-POT based electrodes exhibited potential
change of 0.7±0.2 mV/decade (Figure 2S-3).
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Sulfide sensitivity test
Sulfides may appear in the anoxic zone of eutrophic lakes with maximal concentrations near
sediment water interface. The maximum concentration of sulfides was found to be ~150 µM
during both field studies. The sulfide test for SL-CNT electrodes was performed by addition of
0.01 M Na2S solution to a 10-4 M NH4Cl solution till final Na2S concentration was 200 µM and
by recording EMF of the SC-ISEs over time under nitrogen. We calculated drift in the EMF
over time for each design and plotted the drift values against the increasing sulfide
concentration (Figure 2.5). Each addition at lake water pH (7-8) showed continuous decrease
in the EMF over time for SL-CNT SC-ISEs. While the double layer electrodes exhibited
negligible change in EMF (0.0003mV sec-1) on increasing sulfide concentration.

pH sensitivity test
The pH sensitivity test was performed for double layered DL-POT based SC-ISE to check for
the stable EMF over the range of pH encountered in lake water. The pH sensitivity test did not
show any significant changes in EMF values over pH 5.5-8.5 (Figure 2S-4). As reported by Zhu
et al.49 SL-CNT based electrode show no pH sensitivity.
Figures for SI

Figure 2S-5 Calibration (A) SL-CNT1 and SL-CNT2, (B) DL-POT1 and DL-POT2
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Figure 2S-2 Water layer test (A) SL-CNT1 and SL-CNT2, (B) DL-POT1 and DL-POT2

Figure 2S-3 Redox sensitivity test. Values in brackets are slopes of the linear regressions.
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Figure 2S-4 pH response of DL-POT based SC-ISE

Table for SI
Table 2S-2 Selectivity coefficients for Nonactin based ammonium sensing membranes by SSM61, 66, 67
and mean concentration of possible interfering ions observed during two field studies

Interfering Cation (b)

Selectivity coefficient
pot
KNH ,

K+
Na+
Mg2+
Ca2+

0.13
1.26×10-3
3.16×10-6
1.58×10-5

Mean concentration (M)
First study
3.87×10-5
1.5×10-3
2.0×10-4
3.05×10-4

Second study
4.65×10-5
1.2×10-3
2.2×10-4
2.5×10-4
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ABSTRACT

Biogeochemical processes are often confined to very narrow zones in aquatic systems.
Therefore, highly resolved in-situ measurements are required to study these processes.
Potentiometric solid-contact ion-selective electrodes (SC-ISEs) are promising tools for such
measurements. SC-ISEs show good performance in analyses under controlled experimental
conditions. Very few sensor designs, however, can sustain the challenges of natural water
matrices and external environmental conditions during in-situ applications. We fabricated
ammonium and pH selective SC-ISEs with functionalized multiwall carbon nanotubes (fMWCNT) as a solid-contact. Their functionality was tested in the laboratory and applied insitu for vertical profiling in a eutrophic lake. Sensors were insensitive towards strong redox
changes, high sulfide concentrations and bright daylight conditions during the application in
the lake. In addition, sensors are easily fabricated and exhibit short response times (<10s). The
proposed design of SC-ISEs based on f-MWCNTs is well suitable for high-resolution in-situ
profiling of ionic species in freshwater lakes.

INTRODUCTION
Tracking dynamic biogeochemical processes taking place at a very narrow spatial scale requires
high-resolution in-situ measurements. For example, to study processes occurring at very steep
oxic-anoxic interfaces in lakes with low mixing68 or to investigate the patchiness of
phytoplankton communities depending on small-scale chemical gradients in the water pocket
surrounding the biomass,1 in-situ measurements with a spatial resolution in the range of <10cm
are needed. One promising approach for high resolution profiling in lakes relies on integrating
suitable solid contact ion selective electrodes (SC-ISEs) with an in-situ profiling setup.37 SCISEs are emerging tools in modern potentiometric analysis offering down to nanomolar
detection limits,29 stable signals and fast response times in the range of seconds.30 The design
of SC-ISE comprises three components: a transducer, an ion selective membrane (ISM) and an
electrical conductor. The ISM facilitates the formation of analyte dependent phase boundary
potential, transducer mediates ion-to-electron conversion and an electrical conductor further
transfers this electron in the electrical circuit established for potentiometric measurements.18
SC-ISEs are promising for in-situ profiling application as they offer inherent advantages like
an all solid-state pressure proof design and a flexible fabrication procedure with the possibility
of utilizing a variety of materials to suit the needs of complex and challenging environmental
matrices and conditions.45
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The choice of the right design of SC-ISEs is important when natural waters are analyzed. Two
designs were recently explored for obtaining in-situ high-resolution profiles in a eutrophic
lake.37 The double layer (DL) design using the conducting polymer polyoctylthiophene (POT)
as a transducer forming a layer between a glassy carbon electrode (GCE) and an ISM proved to
be superior to a single layer (SL) design based on multiwall carbon nanotubes (MWCNTs) as
a transducer forming a single composite layer together with ISM matrix on GCE. The SL design
was prone to sulfide interference. Apparently, the suspension of the MWCNTs in the ISM
matrix allowed the reaction of sulfide with MWCNTs. In the DL design the transducer layer
(POT) was shielded by the layer of ISM which kept reactive solutes such as dissolved sulfides
from diffusing across the membrane. The potential stability delivered by POT is attributed to
the POT-POTn+ redox couple at the GCE-POT interface and its lipophilic nature which avoids
water-layer formation.29 Although POT was proven insensitive towards changing redox and pH
conditions in the laboratory as well as in eutrophic lake systems its performance is strongly
limited by its sensitivity to light.29, 37, 69
Thus, an alternative transducing material compatible to the environmental matrices and
conditions is needed for in-situ applications in natural waters. Carbon based nanomaterial is an
attractive choice over conducting polymers as its functioning is not affected by varying light
conditions.69 Furthermore, as the transducing property is based on the capacitive mechanism,36
they are equally suitable for anions and cations.30, 69 Despite these advantages, deposition of a
homogeneous layer of MWCNTs remains a challenge, as they form an unstable dispersion in
most solvents.70 Recently, a simple fabrication process of SC-ISEs based on lipophilization of
MWCNTs was demonstrated by Crespo et al.69
Following this approach, we integrate functionalized multi wall carbon nanotubes (f-MWCNT)
as a solid contact base layer on GCE with a methacrylic co-polymer based cation selective
membrane on top to form a DL design in this study. We demonstrate the suitability of this
sensor design for in-situ measurements for Ammonium (NH4+) and pH (H+) in a eutrophic lake.
We compare this design with the DL-POT based design.37 Both cations selected for this study
have a strong variability throughout the lake water column, with steep gradients at the
redoxcline. NH4+ is the most reduced member in the N-cycle with energetically favored
assimilation during primary production. It is released by mineralization of organic matter
sinking through the water column and consumed via nitrification and primary production.71, 72
Therefore, concentration changes in NH4+ are indicative for these processes. The high reaction
rates of these processes especially in eutrophic systems result in narrow reaction hotspots and
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steep gradients, which can only be observed with high resolution measurements. The activity
of H+ determines the species distribution e.g. in the inorganic C-cycle. It also provides clues
about the vertical zonation of redox reactions since pH is strongly influenced by various
biologically mediated mineralization processes.73
MATERIALS AND METHODS
Sensor design
Two types of transducing materials were used to fabricate SC-ISEs in a DL design. For one
type, we used f-MWCNTs and POT. MWCNTs were oxidized to produce carboxylic-acid
groups followed by amide formation with octadecylamine to yield f-MWCNTs. Separate SCISEs for ammonium and pH were fabricated by depositing first a uniform transducer layer on a
polished GCE (SI). After, a methacrylic co-polymer (MMA-DMA) based, ion selective
membrane matrix was drop-cast on top of the transducer layer. The ISM cocktail solution for
ammonium (NH4+) was prepared following the protocol by Athavale et al.37 and for pH (H+) by
adapting the recipe of Crespo et al.63 The sensor quality was assessed by Nernstian response,
redox and pH sensitivity, long-term stability and water-layer formation (SI). Redox sensitivity
was carried out with the help of [Fe(CN)6]4-/[Fe(CN)6]3- couple which creates the redox
conditions relevant to those expected at the chemocline without reacting at or within the
membrane.74
Field site
Lake Rotsee, an eutrophic lake with a surface area of 0.48km2, an average depth 9m and a
maximum depth of 16m, in Central Switzerland was chosen as the study site. It stratifies from
spring until late autumn with a strong chemocline located between 8-11m. Due to its eutrophic
nature, steep redox and nutrient gradients are observed across the oxycline during the
stratification period.40 The biogeochemical conditions in Lake Rotsee during summer are ideal
for testing chemical sensors as they offer a water column with various redox conditions and
successive water-layers characterized by diverse dissolved as well as particulate organics and
inorganics.
In-situ profiling
To assess the in-situ performance of f-MWCNT based SC-ISEs, they were deployed in the
eutrophic and dimictic Lake Rotsee during summer stratification. In-situ profiles were recorded
during the stratification period in July-2015 at night for comparing the performance of POT and
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f-MWCNTs based NH4+ SC-ISEs. The second field study in September-2015 involved in-situ
profiling with f-MWCNT based NH4+ and H+ selective SC-ISEs to explore two cations with the
same design under daylight conditions. The potentiometric sensing system was a part of a
custom-built Profiling Ion Analyzer (PIA; see SI and Figure-3S6). Syringe samples were taken
simultaneously during the profile recording at different depth intervals. The pH was recorded
on-board by a hand-held pH meter for each syringe sample. Ammonium in the oxic epilimnion
and total sulfide were determined by spectrophotometric analysis following Parsons et al.51 and
Cline et al.50 (SI), respectively and concentrations of ammonium in the hypolimnion were
determined by ion-chromatography (IC). Concentrations of K+, Ca2+, Mg2+ and Na+ in the water
column were also measured by IC (Table-3S2).
In-situ calibration
In-situ calibration was performed following Athavale et. al.37, in order to correct raw
Electromotive force (EMF) values for cation interference and drift. Syringe sampling with
ongoing profile recording ensured an optimal calibration of EMF response against
concentration values by excluding spatiotemporal misalignment between measurements. The
value for drift correction d [mV/s], the intercept, E0 [mV], and the slope, S [mV/decade] were
determined by fitting

,

determined from syringe sample analyses to

Eq.3.1 using least square optimization:
,

EMF ‐ d

t ‐ E0 / S

(Eq. 3.1),

Where EMF is expressed in mV and t is the time passed since the start of profiling [s], ca is the
concentration of the ion of interest, cb is the concentration of an interfering ion [mol/l]. The
concentration of K+ throughout the water column was almost constant. High-resolution profiles
for cNH+4 were calculated by subtracting the depth average of cK

K

pot
,

in order to correct

for the K+ interference. No correction was applied for other ions as the interference by all
relevant ions was found to be negligible (SI Table-3S2). Due to the high selectivity of the H+
SC-ISEs (Table-3S2) no correction was necessary for the SC-ISE based pH measurements.
RESULTS AND DISCUSSION
Quality tests were performed in the laboratory for Nernstian response of SC-ISEs, their redox
sensitivity and water-layer formation before the in-situ application. The insets in SI, Figure-3S1
show time traces of the EMF for NH4+ and H+ on changing concentrations in nanopure water.
All SC-ISEs show Nernstian response, with slopes of 59.84 ± 1.7 mV/decade for NH4+ (log
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= -6 to -3) and 55.6 ± 0.45 mV/decade for H+ (log c
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= -9 to -6) selective electrodes

(Figure-3S1). Response time (t95%) was estimated to be <10 s for both sensors as determined
following IUPAC conventions.25 Redox sensitivity test and water-layer test did not show any
significant changes in the EMF (Figure-3S2 and 3S3, Table-3S3).

Figure 3.1. In-situ profiles of dissolved oxygen, temperature and total sulfide in July 2015 obtained
simultaneously with the SC-ISE measurements in Lake Rotsee (A) and recorded by SC-ISEs to compare
the performance of POT (red line) and f-MWCNTs (gray line) based ammonium sensors in dark
conditions, where black circles represent ammonium concentrations in syringe samples taken
simultaneously during the in-situ profiling(B).
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Lake Rotsee physicochemical conditions typical to summer stratification were encountered
(Figure-3.1A and 3.2A). In July, the oxygen-maximum was observed between 4-7m while in
September it was at around 7m with a steep gradient going down from 500μM-0μM within
<0.75m. The maximum temperature gradient shifted from 4m in July to 7m in September.
Ammonium concentration in syringe samples analyzed in the laboratory was found close to 08.5μM until 8m, except a small increase in July of 6.77μM at 6.25m depth and followed a sharp
increase of ~200μM between 8-10m going up to 400μM near 14m in the anoxic region. Onboard measurements of pH show a strong gradient of 0.85 units within 0.5m starting at 6.9m in
September (Figure-3.2B). Maximum total sulfide concentration was ~70μM in July and
~110μM during the September campaign (Figure-3.1A and 3.2A).
The in-situ calibration confirmed Nernstian response for all sensor types throughout the water
column (SI, Table-3S1). High-resolution in-situ profiles for ammonium and pH were obtained
after applying the calibration parameters to the continuous EMF profile (Figure-3.1B and 3.2B).
The response of POT and f-MWCNT based ammonium selective SC-ISEs during the July study
is shown in Figure-1B when surface PAR values were below 5μEm-2s-1 during the night
profiling. The response of ammonium SC-ISE towards small gradients in the epilimnion
between 4-8m (inset, Figure-3.1B) are confirmed by the trend of ammonium concentrations in
syringe samples. In the anoxic region from 8-10m both POT and f-MWCNT based sensors
resolve the steep gradient of ammonium. Sensors mark the exact start of the ammonium increase
at 8.3m. Sensor drift was generally low for all profile recordings, which may be also due to the
low DOC concentration (max. value encountered ~0.3mM) since the interaction of DOC with
the ISM is a possible source of drift. 58
Figure-3.2B shows in-situ profiles obtained during daylight conditions 400μEm-2s-1 with SCISEs based on f-MWCNTs for pH and NH4+ in September. Both pH and NH4+ profiles follow
the trend of syringe samples very well suggesting that there is indeed no influence of light on
the electrode signal. A sharp decrease in pH values from 8.7-7.5 at the oxycline occurs along
with small gradients in the epilimnion and hypolimnion between the syringe sampling points.
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Figure 3.2. In-situ profiles of dissolved oxygen concentration, temperature and total sulfide in
September 2015 obtained simultaneously with the SC-ISE measurements in Lake Rotsee (A) and
recorded by SC-ISEs to extend the application to pH (green line) measurements in addition to
ammonium (gray line) with f-MWCNTs based SC-ISEs in intense daylight conditions, where black
circles represent ammonium concentrations and green diamonds represents pH measurements in syringe
samples taken simultaneously during the in-situ profiling (B).

Our new protocol for the construction of SC-ISEs based on f-MWCNTs as a transducer and
MMA-DMA based sensing membranes facilitated the construction process significantly and
provided electrodes, which are well suited for in-situ measurements in challenging natural
environments. Since dispersions of MWCNTs are typically unstable in most solvents, obtaining
homogeneous dispersions and uniform solid-contact layer on GCE without use of any surfactant
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is difficult.75 Even traces of any additive e.g. a surfactant can favor water-layer formation which
ultimately affects stability of the signal.69 By following the modification protocol by Crespo et
al.69 this issue was resolved. MWCNTs were functionalized by octadecylamine molecules and
a homogeneous, stable dispersion of f-MWCNTs was obtained with a polar aprotic organic
solvent, tetrahydrofurane (THF) on slight sonication. A uniformly deposited layer of controlled
thickness over a GCE was formed by simply drop casting the obtained dispersion of fMWCNTs in THF. Avoiding use of any water-soluble surfactants in the process and making
MWCNTs highly lipophilic by introducing octadecylamine molecules on their surface reduced
the possibility of formation of any water-layer.46 Consequently, no soluble as well as reactive
components like O2 and sulfide can interact with the transducer surface, which resulted in the
observed stable responses over long time during the water-layer test and negligible redox
sensitivity in the laboratory (Figure-3S3). In addition, all sensors showed a sensitivity close to
the theoretically expected value of 59.6 mV per 10 fold concentration change in the laboratory
(Figure-3S1) as well as in the field (Table-3S1) this excellent agreement confirms the successful
production and deployment of the sensors.
In the field test in eutrophic Lake Rotsee the f-MWCNT based SC-ISEs showed no sensitivity
to light, redox changes and high sulfide concentrations. An oxic-epilimnion, with an oxygen
maximum which indicates the zone of primary production and a very narrow (50-150cm) oxicanoxic interface with steep gradients in NH4+ concentration and pH and an anoxic-hypolimnion
rich in dissolved sulfide were observed during both deployments (Figure-3.1A and 3.2A). The
sulfidic conditions in bottom waters make the in-situ application of SC-ISEs more challenging
since sulfide interferes by interacting with the transducing mechanism of the solid contact as
per our previous studies.37 The in-situ profiles (Figure-3.1B and 3.2B) obtained by SC-ISEs
show stable responses under both dark and daylight conditions. They follow the concentration
profiles of syringe samples determined in the laboratory. This demonstrates the functionality of
the f-MWCNT based double-layered design of SC-ISEs, which, unlike POT based ISEs, is
independent of light conditions during measurements in the field. Also under increasing sulfide
concentrations (up to 100µM) with depth POT as well as f-MWCNT based SC ISE with DL
design did not show the strong drift in the in-situ profiles due to sulfide interference as
experienced before for SL SC-ISEs based on MWCNTs.37 This insensitivity towards sulfide
can be attributed to various building blocks of the proposed DL design. Mainly, MMA-DMA
provides an efficient shield for the f-MWCNT layer due to its low diffusivity.28,
53
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(CNT-COOH,

52,

20%

functionalization)69 preclude the possibility of formation of a water-layer between the
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transducer and membrane surface which can be a potential path for interaction of reactive
solutes on transducer surface.
As the product of interfering ion concentration and the corresponding selectivity coefficient
(cb K

pot
, )

determines the limit of detection (LOD) of the ISEs,21 it limits the application of

ISEs in natural waters. Potassium being the most interfering ion for ammonium determination,
with relatively low and uniform concentrations ~50-80M and selectivity coefficient 0.14537
sets the LOD to ~6-11M in the water column (Table-3.S2). Still, f-MWCNT as well as POT
based SC-ISEs for ammonium revealed also features like small-scale concentration changes
close to the LOD (6.77μM at 6.25m) (inset, Figure-3.1B). Since the potentiometric response of
SC-ISEs in EMF is calibrated against log c by linear regression (Figure-3S4), uncertainties in
absolute concentration76 and therefore their errors increase with their value (Figure-3S5). The
characteristic response times of a few seconds of the SC-ISEs is a prerequisite for the high
spatial resolution obtained in pH profiles with the profiling speed of 5mm/s over only ~50cm
thick redox boundary from 6.9-7.4m in the September study (Figure-3.2B). This is a significant
advantage of the new H+ sensor design as it facilitates continuous in-situ profiling at acceptable
speed. This is an improvement to the glass-type pH electrodes, which have a higher stabilization
time when a precision of more than 0.1pH units is needed,77 resulting in time lags and peak
flattening of the actual pH profiles.
In summary, we were able to overcome the challenges for in-situ profiling in complex lake
systems by developing a robust design of SC-ISEs, which can cope with the conditions
encountered at many field sites using a light-insensitive transducer and a membrane with low
diffusion coefficient. The ease of fabrication along with robust analytical performance of fMWCNT based SC-ISEs for ammonium and pH represents a significant step towards more
reliable high resolution profiling in fresh water systems.
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Supporting Information
EXPERIMENTAL SECTION
Chemicals
Nonactin (ammonium ionophore I), sodium tetrakis [3,5-bis(trifluoromethyl) phenyl]borate
(NaTFPB), tetradodecylammonium tetrakis(4-chlorophenyl)borate (ETH 500), Potassium
tetrakis(4-chlorophenyl)borate (KTpCIPB), Tri-n-dodecylamine(TDDA) and tetrahydrofuran
(THF) were purchased in selectophore grade from Sigma-Aldrich. Conducting polymer Poly(3octylthiophene-2-5-diyl) (POT), Octadecyl amine (ODA), Chloroform(CHCl3), Methylene
chloride(CH2Cl2), Thionyl chloride (SOCl2), Ammonium chloride (NH4Cl), Potassium
hexacyanoferrate(II)

trihydrate

(K4Fe(CN)6.3H2O),

Potassium

hexacyanoferrate(III)

(K3Fe(CN)6), Sodium sulfide nonahydrate (Na2S.9H2O), Zinc acetate (Zn(CH3COO)2),
Sulfuric acid (H2SO4 95-97%), N,N-Dimethyl-1,4-phenylenediammonium dichloride
(C8H12N2.2HCl), Ammonium iron (III) sulfate (NH4Fe(SO4)2.12H2O and Nitric acid (HNO3)
were purchased in analytical grade from Sigma-Aldrich. Multiwall carbon nanotubes
(MWCNTs) (0.5-200 μm length and 30-50 nm diameter, M4905) were obtained from HeJi Inc.
MMA-DMA copolymer was synthesized in the research group of Prof. Eric Bakker, University
of Geneva, according to the protocol by Heng et al.64 Aqueous solutions were prepared by
dissolving appropriate salts or diluting standard solutions in nano-pure water with a resistance
of 18.2 MΩ cm-1.
Indicator and reference electrodes
A mini glassy carbon electrode (Metrohm AG, Switzerland) was used as an indicator electrode
both in the lab and in the field. A double junction Ag/AgCl reference electrode (Metrohm AG,
Switzerland) containing 3M KCl as an inner solution and 1M CH3COOLi as a bridge electrolyte
was used for the lab experiments. Solid-state miniaturized reference electrodes RE MRX11 (NT
Sensors, Spain) were used for in-situ measurements. The proper functioning of these electrodes
was tested in the laboratory before deployment in the lake.
Preparation of f-MWCNT
MWCNTs were modified to f-MWCNTs by following the protocol of Crespo et. al.69 Briefly,
1 g of MWCNTs were refluxed for an hour at 100 °C in H2SO4/HNO3 (3:1). The resultant
MWCNT-COOH were then filtered through a Polycarbonate (0.10μm) membrane, followed by
washing with nanopure water and drying at 60°C. Further 20 ml of thionyl chloride (SOCl2)
and 1 ml of dimethylformamide was added and the mixture was refluxed overnight, at 70°C.
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After the reaction, the residual solvent was evaporated by rotary evaporation. Finally, an excess
of ODA (~1g) was added and the mixture was continuously stirred at 100°C for 96 h. After
cooling to room temperature, the excess ODA was removed by sonication and washing steps
with ethanol. The solid was filter-washed thoroughly with ethanol to remove any excess ODA.
The resultant carbon nanotubes were then dried and stored at room temperature.
Preparation of POT based SC-ISE
For preparation of POT based NH4+ selective SC-ISE the protocol by Athavale et. al37 was
followed. The membrane was prepared by dissolving a total of 200 mg of components in 1.5
mL of methylene chloride: ammonium ionophore (I) (15 mmol kg-1), NaTFPB (5 mmol kg-1),
ETH 500 (10 mmol kg-1) and MMA-DMA. The membrane cocktail was degassed by sonication
for 30 s. Glassy carbon electrodes were cleaned and washed with methylene chloride. The
indicator electrode was introduced in the PVC tube at ~1 mm depth and 0.25 mM POT solution
in chloroform was applied by drop-casting 10 µL, repeated three times. The film was left to dry
for an hour and then ~80 µL of membrane cocktail solution was applied on top of the POT layer
and was allowed to dry overnight.

Preparation of f-MWCNT based SC-ISE
A stable dispersion of f-MWCNTs was achieved by simply sonicating 1mg f-MWCNTs in 1
ml THF for ~10 minutes. For preparation of f-MWCNTs based SC-ISE 100µl of this dispersion
was drop casted on a preferentially masked GC electrode surface to form a uniform layer. The
NH4+ selective membrane cocktail was prepared by following the same procedure as POT type
SC ISEs described above. The hydrogen ion-selective membrane cocktail was composed of
1.95 wt.% TDDA, 0.58 wt.% KTpClPB and 97.47 wt.% MMA-DMA dissolved in 1 mL
dichloromethane. The mixture was sonicated for 30 s. Then, 150 μL of the membrane cocktail
was drop-casted onto the f-MWCNT layer that was previously deposited onto the glassy carbon
surface.

Laboratory tests
Electrodes were conditioned before calibration by immersing them in 1 mM NH4Cl for 1 day
followed by conditioning in 1 nM NH4Cl for 2 days for NH4+ selective and in pH 3 solution for
1 day and pH 9 solution for 2 days for H+ selective electrodes.
During the lab experiments, a 16-channel EMF potentiometer (Lawson Labs Inc, USA) was
used to record EMF. Water layer tests were carried out as described in Fibbioli et al33. Before
the water layer test, ammonium SC-ISEs were conditioned in 1 mM NH4Cl solution and
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replaced by interfering ion (1mM NaCl) during the course of experiment and introduced again
in 1mM NH4Cl solution.
The redox sensitivity was tested by measuring potential in a solution with 1 mM total
concentration of [Fe(CN)6]4-/[Fe(CN)6]3- redox couple. The concentration ratios of the red-ox
couple were changed from 1:10 to 10:1.
Total sulfide in the samples was analyzed spectrophotometrically as per Cline et al..50 The
sampling procedure involved fixing total sulfide in the samples by addition of 0.5mL 4% zinc
acetate solution to 1mL the unfiltered samples immediately after retrieving sample syringes.
Sulfide standard solution (0.1M) was prepared with sodium sulfide nonahydrate in nanopure
water. Standards were also treated with zinc acetate to fix total sulfide to zinc sulfide. The
samples and standards were treated with an acidic solution of (~40% Sulfuric acid) N,NDimethyl-1,4-phenylenediammonium dichloride and Ammonium iron (III) sulfate to give blue
coloration after 30 min incubation at room temperature. Both standard and samples were
quantified for total sulfide at 665nm.
In-situ profiling set up
The potentiometric sensing system consisted of an array of galvanically isolated amplifiers.
Each SC ISE along with its reference electrode was connected to a single amplifier placed in
waterproof housing. The potentiometric sensing system was a part of a custom-built Profiling
Ion Analyzer (PIA). An instrumentation amplifier (BURR-BROWN, INA116, Texas
Instruments, USA) with ultra-low input bias current (3 fA) and a high common-mode rejection
(84 dB) was used. The EMF for each indicator electrode (mini glassy carbon electrode,
Metrohm AG, Switzerland) was measured against a separate solid-state reference electrode
(MRX11 NT-sensors S.L., Spain) by using a platinum wire as common solution ground
(INA116 datasheet, BURR-BROWN).27 In PIA, a syringe sampler capable of retrieving 12
water samples (each 60 mL, with high a spatial resolution of approximately 7.5 cm) along with
simultaneous measurements at different depths and additional sensors to characterize the water
column were integrated. Additional sensors included a photosynthetically active radiation
(PAR) sensor (193SA spherical sensor, LI-COR, USA), a CTD probe for measuring
conductivity, temperature and depth (XR-420, RBR Ltd., Canada) and needle type optodes for
measuring dissolved oxygen concentrations (PreSens - Precision Sensing GmbH, Germany).
The profiling speed was 5mm/s and data were recorded every 0.5s.
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FIGURES

Figure 3S1 EMF response of f-MWCNTs based NH4+ (□) and H+ (Δ) selective SC-ISE in the laboratory
with respective insets showing linear, stable and fast response for both cations especially for H+ showing
the fast response (in seconds) on change in concentration of the analyte.

Figure 3S2 Water layer test for f-MWCNT based SC-ISE where primary ion solution (10-3M NH4+) was
replaced by 10-3 M Na+ and back to the primary ion in the next step. The EMF value is reproduced after
the final replacement with primary ions, which indicates that no water layer is forming.
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Figure 3S3. Redox sensitivity test for f-MWCNT based SC-ISE.

Figure 3S4 Results from in-situ calibration of POT based ammonium SC-ISE in July(A), f-MWCNT
based ammonium SC-ISE in July (B), f-MWCNT based ammonium SC-ISE in September (C), fMWCNT based pH SC-ISE is September (D) after drift correction. Black circles denote the measured
sensor response to the logarithm of syringe concentrations, the black soild line is linear regression line
and dashed red lines represent the 95% confidence interval.76
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Figure 3S5 Absolute error between syringe sample and ISE based measurements for POT based
ammonium SC-ISE in July (solid circles), f-MWCNT based ammonium SC-ISE in July (empty circles),
f-MWCNT based ammonium SC-ISE in September (empty triangles), f-MWCNT based pH SC-ISE is
September (diamonds) as a function of syringe values.

Figure 3S6 In-situ profiling setup, showing a syringe sampler (A), waterproof housing for individual
sensors comprising an indicator SC-ISE, a solid state reference electrode and a platinum common ground
(B) galvanically separated electronics of the amplifier (C)
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TABLES
Table 3S3 Values of drift correction, slopes and intercept determined by the in-situ calibration.

Month

July
September

SC-ISE
Type
f-MWCNT-NH4+
POT-NH4+
f-MWCNT-NH4+
f-MWCNT-H+

Drift

Slope

Intercept

(mV/s)

(mV/decade)

(mV)

0.004
0.016
0
0

60.00
60.00
56.10
57.24

549.81
503.33
526.31
528.11

Table 3S2 Selectivity coefficients as determined by previous studies for Nonactin based ammonium
sensing membranes by separate solution method (SSM)61, 66, 67and fixed interference method (FIM)37,
and for H+ sensitive membranes by FIM63 and mean concentration of possible interfering ions observed
during two field studies

Interfering
Cation (b)

Selectivity
coefficient
pot
KH ,b

+

K
Na+
Mg2+
Ca2+

Selectivity
coefficient
pot
KNH ,b

-8

1.30×10
1.10×10-9
3.98×10-10
4.36×10-9

0.145
1.26×10-3
3.16×10-6
1.58×10-5

Mean concentration (M)

July
8.05×10-5
3.90×10-4
3.63×10-4
2.39 ×10-4

September
4.30×10-5
1.40×10-4
1.91×10-4
1.28×10-4

Table 3S3 Comparison with respect to detection limits, long term stability and tests for water layer, pH
sensitivity and redox sensitivity.46

Transducer

Detection
limit
(M)

POT-NH4+
f-MWCNT-NH4+
a
b

2.2 x 10-7
7.04 x 10-7

Long
term
stabilitya
Drift
(mV/h)
3.6
0.72

was carried out in 10-3 M NH4+ solution
was carried out in 10-4 M NH4+ solution

Water
layer testa

No drift
No drift

pH
sensitivity
testb
(mV/decade)

Redox
sensitivitya
(mV/decade)

0.07
0.05

0.6
0.05
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ABSTRACT
We present a new potentiometric sensor set up and a calibration protocol for in situ profiling of
CO2 with high temporal and spatial resolution in fresh water lakes. The principle of this sensor
system is based on the measurement of EMF between two solid contact ion selective electrodes
(SC-ISEs), a hydrogen ion selective and a carbonate selective sensor. Since the setup relies on
SC-ISEs, it offers a response time (t95%) of <10s. Allowing profiling applications at high spatial
resolution. The proposed optimum in situ protocol accounts for the continuous drift and change
in offset that remains a challenge during profiling in natural waters. The fast response resolves
features that are usually missed by standard methods like the classical Severinghaus CO2 probe.
In addition, the insensitivity of the presented setup to dissolved sulfide allow also measurements
in anoxic zones of eutrophic systems. Highly resolved CO2 concentration profiles allow the
close investigation of hotspots for biogeochemical processes such as mineralization and
primary production in the water column and help improving estimates for CO2 turnover in
freshwater systems.
INTRODUCTION
In order to improve the understanding of the relevance of CO2 turnover and its exchange
between inland waters and the atmosphere for the global carbon budget the underlying
processes need to be thoroughly characterized.6 Since many of these processes are confined to
small spatial scales, a direct measurement technique for CO2 with high spatial resolution would
be helpful. Biases and errors associated with calculating CO2 from pH and alkalinity values
currently limit the precision of estimates of CO2 emissions from inland waters because they
neglect the presence of other organic and inorganic buffer systems. In addition, it is important
to understand the occurrence of biogeochemical hotspots of photosynthesis and respiration and
their impact on the concentration of dissolved CO2.71 High-resolution in situ measurements are
required to locate and quantify these sources and sinks.78
In situ measurements of CO2 can be achieved by several indirect and direct methods. The
indirect methods involve measurement of parameters like pH, total alkalinity (TA), dissolved
inorganic carbon (DIC) by laboratory-based techniques.79 Direct in situ measurements of
dissolved CO2 are traditionally obtained by the Severinghaus probe80 or with infrared
spectroscopy (NDIR sensing element).81 The Severinghaus probe (CO2-SH probe) is
inexpensive and easy to handle. It consists of a pH sensing element in contact with a bicarbonate
buffer which is separated from the sample solution by a gas permeable membrane. As the
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equilibrium between bulk and sample phases is established by diffusion, the probe signal needs
several minutes to stabilize. This slow response time is a major drawback in applications that
require rapid monitoring. In addition, the gas permeable membrane is not selective for CO2 but
also allows diffusion of H2S causing interference in sulfidic deep waters, which are typical for
stratified, eutrophic lakes.
Potentiometric sensing offers a promising alternative for in situ high-resolution measurements.
The principle of the CO2 setup is based on the measurement of EMF of a pH electrode against
a carbonate selective electrode without the use of any reference element.82 A tweezer type of
molecule is utilized as an ionophore for the carbonate selective ISE. Selectivity studies have
shown that chloride does not interfere even at high concentrations, which makes the ISE suitable
for the use in natural waters.83-86 Xie et al. 82 successfully tested the principle of this approach
in the laboratory. In this manuscript, we applied and validated this sensing principle for in situ
profiling which demands pressure-proof sensors such as SC ISEs. In addition, we used the
double layer design which utilizes a carbon nanotube layer as a solid contact for both H+ and
CO32- selective SC ISEs and a acryl co-polymer layer as membrane matrix which shows
insensitivity towards sulfide.87 We also developed an optimized in situ calibration protocol
based on earlier findings37, 87 that identified changes in electrode offsets and drifts during
profiling in water columns of lakes with strong chemical gradients. Finally, we tested the
advantages of our approach over a classical Severinghaus CO2 probe for depth profiling in fresh
water lakes. For the field tests, we selected the eutrophic Lake Rotsee (Switzerland) which
offers steep redox and solute gradients with challenges for profiling applications.
MATERIALS AND METHODS
Sensor design
The sensor system consisted of an H+ ion selective SC-ISE measured against a CO32- selective
SC-ISE in a potentiometric set up without use of any reference element. Functionalized
multiwalled carbon nanotubes (f-MWCNTs) were used as a transducing material in a double
layer (DL) design to fabricate both SC-ISEs. Carboxylic-acid groups were created on the
surface of the MWCNTs by oxidation followed by amide formation with octadecylamine to
yield f-MWCNTs.69 Nanotubes were dispersed in tetrahydrofuran by slight sonication to form
a homogeneous dispersion which was then drop casted on a polished glassy carbon electrode
(GCE, Metrohm AG, Switzerland) surface to form a uniform transducing layer. Separate SCISEs for CO32- and H+ were fabricated by casting an ion selective membrane matrix on top of
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the f-MWCNT layer. A methacrylic co-polymer (MMA-DMA) based membrane, was casted
for hydrogen ion selective87 and a polyvinyl chloride (PVC) based membrane matrix for the
carbonate selective SC-ISE82 (details in SI). The sensor quality was assessed by checking for
Nernstian response, insensitivity towards redox and pH, long-term stability, water-layer
formation87 and sulfide insensitivity (see SI).
Field site
Lake Rotsee, an eutrophic lake in Central Switzerland was chosen as the study site. It has a
surface area of 0.48 km2, and an average and maximum depth of 9 and 16 m, respectively. A
strong chemocline is located between 8-11m during the stratification period, which starts in
spring and holds until late autumn. This eutrophic lake exhibits steep redox and nutrient
gradients across the oxycline during the stratification period.40 The profiling tests were
performed in November 2017 i.e. at the end of the summer stratification when accumulation of
CO2 and other mineralization products reached maximum concentrations in the hypolimnion.
Convective mixing in the surface waters maintained the steep gradients near the thermocline.
These physicochemical conditions in the lake allowed for testing the sensors at a range of
concentrations with sharp changes in analyte concentrations and redox conditions.
Set up for in situ profiling
The potentiometric CO2 sensing system was integrated into our custom-built Profiling Ion
Analyzer (PIA).37 During the onboard calibration and in-situ deployment, the SC-ISEs were
connected to waterproof, galvanically isolated potentiometric-sensing units in order to preclude
cross talk. The EMF for each indicator H+ selective SC-ISE was measured against CO32selective SC-ISE with a platinum wire as common solution ground (INA116 datasheet, BURRBROWN).27 PIA was equipped with additional sensors for characterization of the water
column, specifically a CTD probe for measuring conductivity, temperature and depth (XR-420,
RBR Ltd., Canada) and needle type optodes for recording dissolved oxygen concentrations
(PreSens - Precision Sensing GmbH, Germany). A syringe sampler integrated into the PIA
system allowed retrieval of 12 water samples at different depths with a volume of 60 mL along
with simultaneous recording of EMF by ISEs and all other integrated measurements. Syringe
samples were taken simultaneously during the profile recording at different depth intervals. A
Severingshaus gas sensing probe for CO2 was also accommodated in the whole set up (Idronaut
S.r.l, I-20047 Brugherio, Italy).
Laboratory analysis
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Dissolved inorganic carbon (DIC) was sampled in 12 mL pre-evacuated DIC exetainers VWR
International GmbH)) after filtering through 0.2 µM cellulose acetate syringe filter (VWR
International GmbH) on board and measured by TOC analyzer (Shimatzu). Total sulfide was
determined by spectrophotometric analysis following Cline et al.50 (SI), and concentrations of
major cations (NH4+, K+, Ca2+, Mg2+, Na+) and anions(Cl-, SO42-, NO3-) in the water column
were measured by ion chromatography (Metrohm AG, Switzerland) (Table 4S1).
Calculation of dissolved CO2 activity
The DIC as well as dissolved ion concentrations measured in the syringe samples and the pH
and temperature values were compiled for input to the PHREEQC program for speciation
calculations38. The activity of dissolved CO2 was obtained as output and was further used for
the in situ calibrations.
Optimization of calibration protocol
Onboard calibration was performed by using three buffer solutions with different dissolved CO2
concentrations coinciding with the typical concentrations in lake: 10mM Tris buffer solutions
with 5mM bicarbonate and 150µM chloride was tuned to different pH values of 7.52, 8.04 and
8.74 to attain three buffer solutions with

302µM, 95µM and 19µM respectively. The CO2-

SH probe was checked for the Nernstian response (Figure 4.1c) using similar buffer solutions
in the laboratory prior to the field deployment.
In situ calibration, where the obtained raw EMF profile can be corrected for drift and
interference from other ions has been proven essential to obtain accurate high-resolution
concentration profiles with ISEs.37, 87 This published in situ calibration protocol considers the
value of EMF and the corresponding concentration of analyte at all sampling points to derive
the value of the slope S [mV/decade], drift, d [mV/s] and intercept, E0 [mV] using least square
optimization with Eq. 4.1:
,

= (EMF - d × t - E0 ) / S

(Eq. 4.1),

Where EMF is expressed in mV and t is the time passed since the start of profiling [s], aa is the
activity of the ion of interest; ab is the activity of an interfering ion [mol/l]. Owing to the use of
highly selective ionophores for preparation of ISM for both for H+ and CO32- 63, 69, 83, 85, 86 and
significantly low concentrations of relevant interfering ions (Table 4S1) in the lake water
column, there was no necessity to correct for the interference by factor

,

. The
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temperature affected the slope (~10%) of the divalent CO32- when tested over a range of
temperatures typically found in the lake. Therefore, the temperature dependence of S was
explicitly included in solving for

. T is temperature in K and T0 is temperature at the

beginning of profiling in Eq. 4.2:
= (EMF - d × t - E0 ) / ((S/

(Eq. 4.2),

In order to reduce the calibration effort we evaluated different calibration schemes. Table 4.1
summarizes values of the calibration parameters obtained via four different strategies.
Response time
To assess how fast the CO2-ISE couple responds to the changes is the activity of CO2 under in
situ conditions, an in situ response time test was carried out. We chose two water depths at 6.5m
and 8.5m, based on the profiles available on board. The whole PIA set up with ISE couples and
SH type probe was then taken to 6.5m and rested there for ~10min to observe the stable response
and was driven to the next point i.e. 8.5m with the speed 5cm/s which is 10 times the normal
profiling speed.
RESULTS AND DISCUSSION
The CO2-ISE couple utilizes an all solid-state design inherently insensitive to pressure, which
is a prerequisite for in situ measurements in the water column. Both CO32- and H+ selective SCISEs show Nernstian response with values of slopes -27.2mV/decade (LOD ~2µM) and 56.3
mV/decade (LOD ~1 nM), respectively (Figure 4.1a).

Figure 4.1. Response (with respective slopes in mV/decade reported in parentheses) of (a) carbonate
and hydrogen ion selective SC-ISEs in the laboratory (b) CO2-ISE couples on board (c) CO2-SH probe
before the deployment on change in dissolved CO2 concentrations.
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A sulfide sensitivity test up to 100 µM dissolved total sulfide in a buffered solution (Tris buffer
pH 8) (SI, Figure 4S1) did not show any drift due to sulfide interference in the laboratory which
can be attributed to choice of a DL design employing f-MWCNTs as a transducer. The use of
carbon nanotubes also makes the CO2-ISE couple light insensitive against variable light
conditions in the field.87 The water layer test46 did not show any significant changes in EMF.
The response time (t95%) of both the SC-ISEs and the CO2 ISE-couple was estimated according
to IUPAC conventions25 and was found to be <10 s. Hence, the fast responding, stable,
insensitive to sulfide and to the light conditions and with LODs low enough for measurements
in natural waters, puts forward the CO2-ISE couple as a suitable candidate for in situ profiling
in lakes.
We also observed a Nernstian response for both CO2 ISE-couples during onboard calibration
on PIA and for CO2-SH probe in the laboratory prior to the deployment (Figures 4.1b and 4.1c).
The slopes obtained from onboard calibration for CO2-ISE couple and from the laboratory
calibration for CO2-SH (Table 4.1) were taken over for the different in situ calibration
strategies, as the in situ interference correction was not needed for the slope. However, drift
experienced by the sensors in the lake water matrix (SI Figure 4S2) and the changes in
intercept37 inherent to complex matrices with dissolved and particulate organics and inorganics
could not be controlled by calibration with buffer solution on board only.
Table 4.1
(a) Different calibration strategies optimal scheme in blue.

Description

Calibration
Scheme*

1

On-board Calibration

2

In situ calibration, slope value from on board calibration; drift
and intercept fitted from all sampling points

3

In situ calibration, slope value from on board calibration; drift
and intercept obtained from two (1st and last) sampling points

4

In situ calibration, slope value, drift and intercept obtained
from fit to all sampling points
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(b) Calibration schemes with corresponding parameters for CO2-ISE couple 1, optimal scheme in
blue

CO2ISEcouple 1
Calibration
scheme*

1
2
3
4

Slope
(mV/decade)
31.059
31.059
31.059
31.05

Intercept
(mV)
-65.356
-50.371
-45.694
-50.371

Drift
(mV/s)
0.006
0.004
0.006

(c) Calibration schemes with corresponding parameters for CO2-ISE couple 1, optimal scheme in
blue

Slope
(mV/decade)

Intercept
(mV)

Drift
(mv/s)

1

27.302

-83.239

-

2
3
4

27.302
27.302
32.820

-70.229
-68.854
-43.460

0.01
0.009
0.003

CO2ISEcouple 2
Calibration
scheme*

(d) Calibration types and parameters for CO2-ISE SH probe

Slope
(mV/decade)

Intercept
(mV)

Drift
(mV/s)

1

56.853

70.858

-

2
3
4

56.850
48.350

98.317
63.808

0
0

CO2-SH

Calibration
scheme*

Calibration scheme 2 as described in Table 4.1a utilized the value of slope obtained by onboard
calibration. The values for drift and intercept were obtained by fitting

to Eq. 4.2 using

least square optimization. To further reduce the effort of sampling at as many depth points as
possible (10 points in this case) to derive the values of drift and intercept, scheme 3 used only
two depth points at the beginning and end of the profile yielded a better fit of the activity profile
to the syringe concentrations for dissolved CO2 compared to scheme 2 (Figure 4.2). Due to the
reduced sampling effort, calibration scheme 3 was considered as the optimal strategy.
Calibration scheme 4 corresponded to the published strategy
calibration parameters were derived by fitting

12, 13

in this of case all the

to Eq. 2 using least square optimization
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by varying d, E0 and S considering all sampling points. The resulting values of slightly superNernstian slopes (close to scheme 3) for both couples confirms that the use of on slope values
from on-board calibration without interference correction was suitable.

Figure 4.2. Depth profiles of activity of dissolved CO2 obtained by CO2 ISE couple calculated with
different calibration parameters corresponding to the three in situ calibration schemes as described in
Table 4.1. The solid light gray line for scheme is overlapped with the dotted black line of scheme 4.

Similar calibration protocols were carried out also for the CO2-SH probe (Table 4.1d, Figure
4S3). Except that the probe needed to rest at two sampling points considered to calculate drift
and intercept for ~10min to record its stable response. Water depths of 6.5 m and 8.5 m were
chosen for this purpose. The value of slope was carried forward from the laboratory analysis
with the Tris buffer solutions. The failure of the CO2-SH probe to reproduce the syringe
concentrations (Figure 4S2a) is a result of its slow response to changes in the concentration.
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Also, the gas permeable membrane in CO2-SH probe, is not selective to CO2 but allows
contamination with other gases such as H2S that alters the pH of the buffer solution and leads
to measurements that overestimate CO2 (SI Figure 4S1)

Figure 4.3. Temporal response of CO2-SH probe and CO2-ISE couple on fast profiling with 5cm/s.
Slopes for both type of sensors as per calibration scheme 3.

The temporal response
An experiment across the oxycline with two stops compares the performance of both CO2-ISE
couple and SH-CO2 probe (Figure 4.3). At 6.5 m water depth CO2 concentrations were low due
to photosynthetic activity and convective mixing. Stable response was at this depth for both
sensors with a slight drift for SH-CO2 probe. In a next step, the whole PIA setup was lowered
to the depth point at 8.5m with 10 times the normal speed (4 cm s-1). The travel time between
the two depths was ~50 s. In this short time interval a sharp jump in ΔEMF/slope for CO2-ISE
couple indicates that the sensing system responded rapidly to an activity change of in
during of 0.78 units which matches well with the immediate jump of 0.8 in
ΔEMF/slope for the CO2-ISE couple. The fluctuations in the response of CO2-ISE couple seen
at 8.5m could be explained by the location of this sampling point just at the end of the steep
oxycline where any depth fluctuations cause significant changes in dissolved CO2 activity. In
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contrast, the response of CO2-SH probe shows a very smooth response curve which extends for
>5min until it is stable. Thus, the steep concentration changes are missed by CO2-SH probe
owing to its slow response.

Figure 4.4 In situ high-resolution profiles of physicochemical characteristics of water column, activity
of dissolved CO2 by CO2-ISE couples and a comparison with simultaneous response of CO2-SH probe
and syringe samples at profiling speed 0.5cm/s in Lake Rotsee.

Embedded details in highly resolved CO2 profiles
In situ high-resolution profiles of the activity of dissolved CO2 from 2 to 12 m in Lake Rotsee
taken at a profiling speed of 0.5cm/s show distinct features which can be linked to other
physicochemical parameters in order to infer the governing biogeochemical processes (Figure
4.4). During profiling, the epilimnion had rather uniform O2 concentrations (250 µM) down to
8m. The photosynthetic utilization in the epilimnion tends to reduce the CO2 content (26 µM)
above 8 m. The CO2 profiles obtained by the ISE couples and the SH probe agreed with the
syringe concentrations down to the oxycline. Below the oxycline a strong increase in CO2
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concentration was observed due to its accumulation in the anoxic hypolimnion fed by inputs
from the sediments and mineralization processes in the water column. In general, the CO2
profiles by obtained with the ISE-couple showed detailed features between the sampling points,
which points to distinct biogeochemical activity at the cm scale. For instance, at depth 8.5m a
small hump extending over ~ 20 cm in the CO2 profile was observed which was totally missed
by the CO2-SH probe owing to its slow response. This small feature coincided with a peak in
the turbidity profile which typically indicates a layer with high cell numbers that accumulated
at the upper end of the thermocline and performed oxic respiration processes and photosynthesis
at low-light conditions. The occurrence of this phenomena has been described for Lake Rotsee
by Brand et al.40 and Oswald et al.7
In summary, we were able to develop an in situ set up for dissolved CO2 measurements at high
temporal and spatial resolution. The optimized in situ calibration protocol allows reducing
sampling efforts for reliable results. The response time of few seconds offered by the CO2-ISE
set up opens the perspective to capture the fast dynamic of biogeochemical processes and to
map hot-spots of CO2 production. The sulfide insensitivity observed in this field application
with up to 100 M total H2S facilitates using the CO2-ISE in anoxic waters without interference.
This simple yet elegant potentiometric sensing system for CO2 could serve as an effective tool
for studying biogeochemical processes occurring at small scales in freshwater systems.
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Supporting information
EXPERIMENTAL SECTION
Chemicals
The following reagents were purchased in Selectophore grade from Sigma-Aldrich: potassium
tetrakis(4-chlorophenyl)borate

(KTpCIPB),

tri-n-dodecylamine(TDDA),

tetrahydrofuran

(THF), N,N-dioctyl-3α,12α-bis(4-trifluoroacetylbenzoyloxy)-5β-cholan-24-amide (carbonate
ionophore VII), bis(2-ethylhexyl) adipate (DOA), ridodecylmethylammonium chloride
(TDMACl), Poly(vinyl-chloride) (PVC, high molecular weight), octadecyl amine (ODA),
methylene chloride(CH2Cl2), thionyl chloride (SOCl2), potassium hexacyanoferrate(II)
trihydrate (K4Fe(CN)6.3H2O), potassium hexacyanoferrate(III) (K3Fe(CN)6), sodium sulfide
nonahydrate (Na2S.9H2O), zinc acetate (Zn(CH3COO)2), sodium carbonate (Na2CO3), N,NDimethyl-1,4-phenylenediammonium dichloride (C8H12N2.2HCl), ammonium iron (III) sulfate
(NH4Fe(SO4)2.12H2O, nitric acid (HNO3), and hydrochloric acid (HCl), were obtained in
analytical grade from Sigma-Aldrich. Biology grade 2-amino-2-hydroxymethyl-propane-1,3diol (Tris base) was purchased from Promega corporation, USA. Multiwall carbon nanotubes
(MWCNTs) (0.5-200 μm length and 30-50 nm diameter, M4905) were obtained from HeJi Inc.
The MMA-DMA copolymer was synthesized in the research group of Prof. Eric Bakker,
University of Geneva, according to the protocol by Heng et al.64 Aqueous solutions were
prepared by dissolving appropriate salts or diluting standard solutions in nanopure water with
a resistance of 18.2 MΩ cm-1. A double junction Ag/AgCl reference electrode (Metrohm AG,
Switzerland) containing 3M KCl as an inner solution and 1M CH3COOLi as a bridge electrolyte
was used for the lab experiments.

Preparation of f-MWCNT
MWCNTs were functionalized by following the protocol of Crespo et. al.69 Briefly, 1 g of
MWCNTs were refluxed for an hour at 100 °C in H2SO4/HNO3 (3:1). The resultant MWCNTCOOH were then filtered through a Polycarbonate (0.10μm) membrane, followed by washing
with nanopure water and drying at 60°C. Further, 20 ml of thionyl chloride (SOCl2) and 1 ml
of dimethylformamide was added and the mixture was refluxed overnight, at 70°C. After the
reaction, the residual solvent was removed by rotary evaporation. Finally, an excess of ODA
(~1g) was added and the mixture was continuously stirred at 100°C for 96 h. After cooling to
room temperature, the excess ODA was removed by sonication and several washing steps with
ethanol. The resultant carbon nanotubes were then dried and stored at room temperature.
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Preparation of f-MWCNT based SC-ISE for H+ and CO32A stable dispersion of nanotubes was achieved by simply sonicating 1mg f-MWCNTs in 1 ml
THF for ~10 minutes. For preparation of SC-ISEs 100µl of this dispersion was drop casted on
a preferentially masked GC electrode surface to form a uniform layer. The hydrogen ionselective membrane cocktail was prepared by dissolving 1.95 wt.% TDDA, 0.58 wt.%
KTpClPB and 97.47 wt.% MMA-DMA in 1 mL dichloromethane and for the carbonate ion
selective membrane 8.3 mg carbonate ionophore VII, 2 mg TDMAC, 60mg PVC and 100μL
DOA were dissolved in 2mL THF.The mixture was sonicated for 30 s. Then, 130 μL of the
membrane cocktail was drop-casted onto the f-MWCNT layer that was previously deposited
onto the glassy carbon surface.

Laboratory tests
Electrodes were conditioned before calibration by immersing carbonate selective SC-ISE in
1mM CO32- for 1 day followed by 1µM CO32- solution for 1 day. For H+ selective electrodes in
the first conditioning step was pH 3 solution for 1 day followed by a second step in pH 9 solution
for 2 days. During the lab experiments, a 16-channel EMF potentiometer (Lawson Labs Inc,
USA) was used to record EMF.
Total sulfide in the samples was analyzed spectrophotometrically. 50 The sampling procedure
involved fixing total sulfide in the samples by adding 0.5 mL 4% zinc acetate solution to 1 mL
unfiltered sample immediately after retrieving from the syringes. Sulfide standard solution
(0.1M) was prepared with sodium sulfide nonahydrate in nanopure water. Standards were also
treated with zinc acetate to fix total sulfide to zinc sulfide. The samples and standards were
treated

with

an

acidic

solution

of

(~40%

sulfuric

acid)

N,N-Dimethyl-1,4-

phenylenediammonium dichloride and ammonium iron (III) sulfate to produce a blue color after
30 min incubation at room temperature. Both standard and samples were quantified for total
sulfide at 665 nm.

Tris buffer preparation
10mM Tris solution was prepared with 5mM HCO3-, 150µM NaCl in nanopure water and the
pH was adjusted using sulfuric acid to 7.42, 7.98 and 8.64. The activity of CO2 was calculated
by defining the pH value, the concentration of HCO3- and Cl- and the temperature as input to
the speciation program PHREEQC.38
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Sulfide sensitivity test
A sulfide sensitivity test was peformed in a 100 mM Tris buffer at pH 8.2 (adjusted with
H2SO4) with 1 mM total carbonate. The sulfide concentration was adjusted by incremental
addition of a sodium sulfide solution.
TABLES
Table 4S1 Selectivity coefficients as determined by previous studies for H+ sensitive membranes by
FIM63 and for carbonate ion by SSM69 mean concentration of possible interfering ions observed in the
water column of Lake Rotsee during the in situ application

Interfering
ion (b)

Selectivity
coefficient
pot
KH ,b

Selectivity
coefficient
pot
KC ,b

Mean
concentration
(M)

K+
Na+
Mg2+
Ca2+
ClNO3-

1.30×10-8
1.10×10-9
3.98×10-10
4.36×10-9
-

1.58×10-7
3.16×10-5

3.90×10-5
1.81×10-4
1.87×10-4
1.075×10-3
1.66×10-4
3.00×10-6

FIGURES

Figure 4S1 Sulfide insensitivity test for CO2-ISE couple compared to a CO2-SH probe in a buffered
solution at pH 8.2
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Figure 4S2 Depth profile of raw and drift corrected ΔEMF showing effect of drifting behavior of an
ISE-couple on estimation of dissolved CO2 concentration.
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Figure 4S3 Depth profiles of activity of dissolved CO2 obtained by CO2-SH probe calculated with
different calibration parameters corresponding to the calibration types as described in Table 1.
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Chapter 5

General conclusions and outlook
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The overall goal of this thesis was the development of an ISE design and a calibration protocol
suitable for in situ water column profiling. During this PhD project different designs of solid
contact ion selective electrodes (SC-ISEs) were fabricated and tested for in situ high-resolution
profiling in an eutrophic lake. One of the main challenges encountered was developing a SCISE which was insensitive to changing redox conditions, poisoning solutes like dissolved
sulfide, and variable environmental conditions such as intense light irradiation that are
frequently experienced during field work. The choice of material for the fabrication of SC-ISEs
was very crucial in developing a robust design. Although, the developed ISEs showed excellent
sensing properties in the controlled laboratory condition; drift in the EMF response, changes in
the intercept and slope during the application in natural waters were encountered. The additional
challenges in the in situ application of SC-ISEs due to the complex lake water matrix with
interfering ions, reactive solutes, dissolved and particulate organics and inorganics were tackled
and compensated by devising an in situ calibration protocol. It involved sampling with a syringe
sampler during ongoing profiling to avoid spatiotemporal misalignment for the calibration of
the in situ response of SC-ISEs.
5.1 A sulfide insensitive design of SC-ISE and in situ calibration protocol for ammonium
sensing.
The first step in this direction was achieved as described in chapter 2, a promising in situ
profiling setup, in combination with ammonium-selective SC-ISEs was developed. The
response of a double layer design based on a conducting polymer; polyoctyl thiophene (POT)
as a transducer and an acryl co-polymer based, plasticizer-free polymeric sensing membrane
was compared to a single layer design with carbon nanotubes as a transducer dispersed in
polyvinyl chloride based sensing membrane. In contrast to the single layer design, the double
layer set-up was found to be sulfide insensitive and thus suitable for the planned in situ
application in a eutrophic lake with sulfidic hypolimnion. Biogeochemical reaction hotspots
were identified and steep gradients in ammonium concentration were observed at the redox
boundary on-site by recording EMF profiles during the stratification period in Lake Rotsee. An
in situ calibration protocol based on parallel sampling during profiling, followed by quantitative
analysis via standard laboratory procedures, was devised. On application of such a protocol, the
resulting high resolution concentration profiles revealed fine features showing ammonium
dynamics in the water column. For instance, a peak in ammonium concentration ~7m was
observed between two oxygen maxima in the epilimnion. The occurrence of such a peak in oxic
waters was interpreted as presence of two distinct phytoplankton communities at the oxygen
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maxima and an event of possible mineralization of dead cells of the upper community sinking
through the water column and the releasing ammonium which is available for both communities
for assimilation. However, more detailed studies would be needed to test this interpretation. In
general, highly resolved in situ profiles allow the identification of narrow reaction zones which
are normally missed by conventional discrete sampling techniques.
5.2 Resolving issue of light sensitivity and extension of in situ SC ISE setup to ammonium
and pH measurements
In spite of the in-situ profiling success for ammonium, the sensors that employed POT as a
transducer in a double layer design showed light sensitivity, which limited their applicability.
This issue of light sensitivity was resolved by using modified multiwall carbon nanotubes (fMWCNTs) as a transducer as demonstrated in chapter 3. Although, MWCNTs were proven
insensitive to intense light conditions in some previous studies,63 their application in a double
layer design was mainly restricted by their tendency to form unstable dispersions in most
solvents resulting in non-uniform transducer layers. On modification with a long chain organic
molecule like octadecylamine on their surface, a stable dispersion in tetrahydrofuran was
achieved that lead to uniform transducer layer just by drop casting on the top of a polished
glassy carbon surface. The f-MWCNTs not only added to the light insensitivity of the sensor
but also to sulfide insensitivity by precluding the formation of a water layer between the
transducer and the membrane surface owing to their lipophilic nature. We fabricated
ammonium and pH selective SC-ISEs with f-MWCNT as a solid contact. These sensors were
insensitive to strong redox changes, high sulfide concentrations, and bright daylight conditions
during the application in Lake Rotsee. The robust design with the ease of fabrication and the
analytical performance of f-MWCNT based SC-ISEs could serve as an opportunity to utilize
them for reliable high resolution profiling of other relevant ionic species.
5.3 Development of a fast profiling potentiometric system for dissolved CO2
The utility of the presented design of SC-ISEs based on f-MWCNTs as a transducer was further
explored in chapter 4 in a potentiometric in situ profiling set up for dissolved CO2 in the water
column of Lake Rotsee. The potential of an H+ ion selective SC-ISE with an acryl co-polymer
based sensing membrane was measured against a carbonate selective SC-ISE with polyvinyl
chloride as a sensing membrane matrix. Key advantages of such a set up were the short response
time on the scale of few seconds and the sulfide insensitivity due to its robust design.
Conventional Severinghaus probes fail to fulfill both these characteristics that are needed for
high resolution profiling in the water column of lakes with steep gradients and anoxic deep
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waters. Furthermore the in situ calibration protocol was customized for CO2 sensing by
optimizing the corrections needed for the raw EMF signal and by reducing efforts for in situ
sampling to only two points. Thus, the presented set up of the CO2-ISE couple stands out among
currently available options for high resolution profiling of dissolved CO2.
5.4 Further developments
The robust design of the SC-ISEs along with the in situ calibration strategy could be utilized in
many possible applications in the future to allow for a closer look at the biogeochemical
processes occurring in diverse fresh water bodies like lakes, rivers and streams. The advantages
of the developed sensor system like the short response time of <10s could be utilized for fast
intermittent measurements across the reaction hotspots predetermined by profiling in the whole
water column. For instance, the developed CO2-ISE couple could be deployed along with a
trace O2 micro-optode to estimate the local rates of photosynthesis and respiration in active
blooms of photosynthetic communities. High resolution profiling covering day and night cycles
could also further enhance estimates of O2 production and consumption at the oxycline for
better understanding of methane oxidation by aerobic methanotrophs in presence of light in
shallow stratified lakes.7
Recording the temporal trends in the concentrations of ionic species may provide data for the
interpretation of biogeochemical rates using numerical models for lakes or river systems. The
turnover of different processes governing the nitrogen cycle in suboxic zones could be further
investigated by combining SC-ISEs for NO-3 and NH-4 , but the rather high detection limits for
nitrate restricts such studies to waters with high nitrate concentrations. Another biogeochemical
application could aim at observing biologically induced calcite precipitation in situ in growing
2+
cyanobacterial blooms by using H+ , CO2selective SC-ISEs etc. Longer duration of
3 and Ca

such deployments will require in-situ recalibration to assure the long term stability of the
measurements. Using a sensing membrane with low diffusion coefficient is expected to be
beneficial as it avoids water layer formation between transducer and membrane surface.
The need for calibration of these sensors remains inevitable so as to determine and correct the
EMF signal for the drift, interference and changes in intercept inherent with the sensor response
in natural waters. A calibration system with a flow through cell that houses an indicator ISE
could be integrated with the current profiling setup. Initial attempts were made in the Lake
Lucerne with one point calibration using a submersible pump that pumped the calibration
solution and the lake water in the flow through cell at desired depths simply by a one directional
valve triggered on board. The results from these trials suggested that the drifts related to
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reference electrode should be thoroughly characterized and preferably, a reference electrode
with minimal drift should be chosen. This approach for calibration has a disadvantage that the
response time of the sensor system is limited by the maximum pumping speed that can be
achieved without compromising on stable signal. More efforts are needed to validate such a
system that might be of interest especially for the analysis of ions like Ca2+ having small
gradients on macroscale but could have substantial concentration differences at locations where
precipitations reactions seeded by cyanobacterial cells take place.
Another interesting direction for further research could be miniaturization of currently
developed SC-ISEs with the opportunity to apply them for vertical profiling of porewater
concentration gradients in the lake sediments. The application of miniaturized SC-ISEs could
offer a nondestructive approach and could be developed as an in situ profiling tool for
sediments. The high spatial resolution expected from such a set up would be helpful to resolve
steep gradients that occur at millimeter scale. The challenges for the design of SC-ISEs for the
water column as described in the presented thesis are even more pronounced for their
miniaturized counterparts. For instance, the choice of a solid contact that acts as a transducer
and poor adhesion properties of traditionally used polyvinyl chloride membranes could affect
the sensor properties. Also the leakage of sensing material from small membranes may worsen
the sensor properties. Using a plasticizer free membrane with high lippophilicity might be
helpful for these issues. Applying classical micro sensors for O2 and pH with the miniaturized
SC-ISEs for ions like nitrate, ammonium, calcium, carbonate and potentiometric CO2 set up for
an in situ application in lake sediments would allow to deepen the understanding of
biogeochemical processes like calcite dissolution and those involved in the nitrogen cycle e.g.
nitrification and denitrification.27
In spite of all the above mentioned features of presented SC ISEs, these sensors are far from the
state of “plug and play” system. Careful conditioning steps are essential to achieve reliable
response close to LOD as determined in the laboratory. The in situ sampling and calibration
steps could not be avoided in the field for the determination of drift and optimum offset
potentials.
Finally, as the presented in situ profiling opens many possibilities for high-resolution
measurements of ionic species in fresh waters, it could give new insights into relevant
biogeochemical processes.
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