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Abstract

This paper describes preparation, characterization and electrochemical per-
formance of novel planar miniaturized all-solid-state (ASS) screen-printed
potentiometric sensors for the detection of Ca®' ions in environmental sam-
ples. Screen-printed graphite-based ion-selective electrodes (ISEs) and screen-
printed reference electrodes based on silver-containing pastes have been ap-
plied in a space saving manner on common ceramic substrates with small di-
mensions. Applications to environmental samples are shown by direct poten-
tiometry and potentiometric titrations in real water samples. Conducting po-
lymers (CPs) have been used as solid-contact materials and as intermediate
layer between the polyvinyl chloride (PVC)-containing ion-selective mem-
brane and the graphite-containing substrate. Different diamides have been
incorporated into the PVC membrane. In the range from 10 mol/L to 107"
mol/L, the ISEs show linear slopes of 27 mV/decade, which is close to the
Nernstian response. Moreover, the ISEs have response times of <25 s and a
life time of >6 months. The novel potentiometric ASS sensors enable simple
and exact Ca** determinations in real samples.
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1. Introduction

During the last years, there has been an increasing demand for chemical analyz-

ers, which are suited for a rapid, accurate and in-field ion analysis. There is a
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great interest for easy to use, sensitive, low-cost and maintenance-free chemical
analyzers for economical real-time analysis of environmentally important ions.
Potentiometric sensors can fulfill these requirements and can be easily adjusted
to continuous and automatic analysis. Solid-contact ISEs without internal solu-
tion are especially attractive and desirable for on-site and mobile ion monitor-
ing. ISEs in ASS configuration are portable and easy to handle since they exhibit
no risk of solution leakages due to their simple construction form. In particular,
they are suitable and applicable for on-site measurements and field applications.
These electrode types are more convenient for remote monitoring than conven-
tionally liquid-filled ISEs as they are compatible with microfabrication tech-
niques, and thus, are easier to miniaturize. Most of the described Ca**-selective
ISEs use PVC as the polymer membrane matrix with immobilized organic ion-
complexing compounds. Ionophores and membrane components must be syn-
thesized with great effort. Internal electrolyte solutions and commercial refer-
ence Ag/AgCl electrodes are often used [1] [2] [3] [4].

Analysis by solid-contact electrochemical sensors produced by screen-printed
technology is in accordance with the general trend in modern chemical analysis
towards the use of analytical devices that should be amenable to microfabrica-
tion and mass production. Screen-printing technology has been successfully ap-
plied to production of electronic circuits and mass production of disposable
electrochemical sensors [5]-[17].

Screen-printing is a versatile technique for production of low-cost, disposable
planar sensors in high numbers because of the simple and rapid production
process. It can successfully be applied to electrochemical ASS sensors for envi-
ronmental applications. Attractive advantage of this technology is the versatility
to print different thick film inks easily and quickly on inexpensive substrates al-
lowing flexible electrode layouts and configurations. Furthermore, it offers great
variability in mixing sensitive specific modifiers to the base ink.

Conjugated CPs are gaining increasing importance as electrode materials, be-
cause they can replace and eliminate the internal electrolyte used in convention-
al ISEs. They act as ion-to-electron transducers due to their coupled ionic and
electronic conductivity, and therefore, stabilize the potentiometric response due
to their high capacitance and reversible charge transfer. CPs can be electro-
chemically deposited on conductor materials and easily coated with ion-selective
PVC membranes [18] [19].

Usual routinely used instrumental laboratory analysis methods for Ca®* de-
terminations such as atom absorption spectrometry or ion chromatography re-
quire expensive equipment and qualified personal. They are often not suitable
for field analysis. Potentiometric Ca** determination using screen-printed ASS
sensors can be a promising and advantageous alternative with high precision and
accuracy, compared to the routinely used photometric and chromatography
methods.

Calcium is an essential nutrient. It plays an important role in many biological
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and biochemical processes. Ca’* amount and water hardness are important in-
dicators for water quality. Therefore, determination of Ca*" ions in environmen-
tal samples is of great importance.

In this work we report on preparation and applications of novel solid contact
screen-printed sensors for potentiometric Ca®* detections. Applications in tap

and surface water samples are demonstrated.

2. Experimental

2.1. Reagents and Materials

Reagent grade high molecular weight poly vinyl chloride (PVC), tetrahydrofu-
ran, ethylenediaminetetraacetic acid disodium salt dihydrate (Na,-EDTA), pyr-
role, poly(3,4-ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT: PSS),
calconcarboxylic acid, 2-nitrophenyl octyl ether (2-NPOE) and calcium sulfate
(CaSO,) were purchased from Sigma Aldrich and used without further purifica-
tion. All inorganic salts used were purchased from Sigma Aldrich. All aqueous
solutions were prepared with deionized water with a conductivity of 0.055
puS/cm. Graphite and silver containing thick film inks, used for the screen-
printed electrodes, were obtained from DuPont de Nemours. Tap water samples
for titration were adjusted to pH 12 by adding NaOH (2 mol/L). Plasticizers and
ion-complexing compounds were available of highest purity and used without

further purification. The ionophores were used without further purification.

2.2. Equipment

A half-automatic screen printer (EKRA mat $S30, EKRA Germany) has been used
to manufacture screen-printed sensors. Potentiometric measurements were
carried out at room temperature, using pH/Ion analyzers pMX 3000 (WTW,
Germany) and LM 2000 (Sensortechnik Meinsberg, Germany) with software
ACHAT and LM remote. An ion chromatography system (IC 850 Metrohm,
Switzerland) has been used for reference analysis.

3. Results and Discussion
3.1. Electrode Preparation

Manufacture of the ISEs has been realized by screen-printing graphite on ce-
ramic substrates with defined dimensions, followed by specific modification
with functional polymeric layers.

In Figure 1 diamides which have been used as ion-complexing materials are
shown. Both substances can be successfully used as Ca’*-complexing compounds
in ASS ISEs.

The membrane components were dissolved in tetrahydrofuran (THF) and ap-
plied to the top of the conducting polymer layer by drop casting. Best results
have been achieved using the membrane compositions shown in Table 1. The
weight percentage of each compound is given in brackets. Further investigations

on systematic and optimized membrane compositions are currently taken place.
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Figure 1. Chemical structure of the different Ca“—complexing compounds: (a) N,N,N,
Ntetra(cyclohexyl)diglycolic acid diamide; (b) N,N-dicyclohexyl-N,N-dioctadecyl-
diglycolic diamide.

Table 1. Membrane composition.

Component Membrane A [wt%] Membrane B [wt%] Membrane C [wt%]
ionophore compound I [2.0%] compound I [1.0%] compound II [1.0%]
Poly(vinyl chloride) Poly (vinyl chloride) Poly(vinyl chloride)
polymer high molecular weight high molecular weight high molecular weight
[33.0%] [32.8%] [32.9%]
lasticizer Bis(2-ethylhexyl)phthalate  2-Nitrophenyl octyl ether ~ 2-Nitrophenyl octyl ether
P (64.0%) [65.6%] (65.8%]
Potassium tetrakis Potassium tetrakis Potassium tetrakis

additive (4-chlorophenyl)borate (4-chlorophenyl)borate (4-chlorophenyl)borate
[1.0%] [0.6%] [0.3%]

In the first step graphite has been was screen printed on the ceramic sub-
strates. Then the intermediate layer of CP was applied followed the ion selective
membrane.

The graphite substrate is circular shaped with a diameter of 3 mm. The di-
mension of the complete sensor is 30 mm x 5 mm. The transducer is covered by
a conducting polymer (layer I) and by the ion-selective PVC membrane (layer
).

In this work, polypyrrole (PPy) and PEDOT:PSS have been used as interme-
diate layers between membrane and substrate. PPy is prepared by in-situ elec-
trochemical oxidation with cyclovoltammetry on the screen-printed graphite in

an aqueous solution of pyrrole and KClL. PEDOT:PSS solutions have been ap-
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plied onto the graphite transducer by drop casting. PPy and PEDOT:PSS have
been used as solid-contact material and intermediate layer between the electron-
ically conducting substrate and the ionically conducting ISE membrane. Both
CPs adhere well on the graphite substrate.

Figure 2 shows the developed miniaturized potentiometric sensor with work-
ing and reference electrode (I) and the schematic construction form (II).

The reference electrodes were also manufactured by screen-printing technol-
ogy and positioned together with the ISEs on a common ceramic substrate of de-
finite dimensions.

First, a circular layer of Ag ink, and subsequently, a layer of a mixture of Ag
and AgCl inks have been screen printed on the graphite transducer. These
screen-printed ASS-Ag/AgCl electrodes have been used without further modifi-
cations and enables stable potentials in the chloride containing measuring solu-
tions. The reference electrodes are integrated in a space-saving way together
with ISEs on a common ceramic based platform. The reference electrodes show
stable potentials in electrolyte with constant chloride concentrations—also in the
environmental samples. The thickness of both the screen-printed graphite and
the AgCl layer is about 25 pm. The diameter of both the circular shaped planar
graphite and the AgCl electrodes is 3 mm. The reference electrodes are circular
shaped, too. The distance between ion-selective electrode and reference elec-

trode is 5 mm.

working electrode

reference electrode

(a)

electrical connections

covered conducting path

screen printed Ag/AgCl

/ ion selective membrane

intermediate layer
(conducting polymer)

insulating layer

screen printed Ag screen printed graphite

ceramic substrate

(b)

Figure 2. Photography (a) and schematic view (b) of a screen-
printed potentiometric ASS sensor.
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3.2. Potentiometric Investigations

Potentiometric response behavior of a Ca*'-selective electrode in different stan-
dard solutions and in real samples (I) as well as a calibration plot (II) are shown
in Figure 3. Compound I (Figure 2) was used as ionophore. The response time
is lower than 20 s. A constant CI” concentration of 1 mol/L has been used in the
standard solutions for stabilizing the reference potential. The ASS sensor shows
a stable potential in real samples. The Ca** amounts were determined by direct
potentiometry in real samples: Sample 1 (well water) 80 mg/L, sample 2 (tap wa-
ter) 32 mg/L, sample 3 (mineral water) 43 mg/L. Comparative measurements by
ion chromatography confirmed these results.

The slope is >27 mV/decade on average. Correlation coefficients of > 0.999
were obtained.

The results confirm the good performance of these sensors for analysis in real

water samples.

14042
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80 1 1 1
0 100 200 300
t/ min
(a)
real samples
1404 @ 1
@ 2
® 3
120+
>
S
L
100+
80 T T T T T
-4.0 -35 -3.0 -25 -2.0
Ig [Ca™]

(®)

Figure 3. Response behaviour (a) and calibration plot (b) of a Ca**-selective electrode;
standards of CaSO,: a. 1072 mol/L, b.10™** mol/L, c. 10~ mol/L, d. 107> mol/L, e. 10™*
mol/L; sample 1: well water, sample 2: tapwater, sample 3: mineral water.
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Selectivity coefficents have been determined by applying the fixed interference
method (FIM).

The constant concentration of the respective interfering ions was 10~ mol/L.
Following selectivity coefficents for the chosen interfering ions have been eva-
luated:

- lg K: 1.7 (interfering ion: Na*),
- lg K -1.9 (interfering ion: Mg**),
- lg K -2.0 (interfering ion: Cu®").

3.3. Applications

Direct potentiometric Ca** determinations of different samples have been car-
ried out with the newly developed sensors. In Table 2 determined Ca** concen-
trations in different real samples using the novel potentiometric ASS sensors and
ion chromatography as reference method are shown. The obtained results con-
firm the good applicability and efficient operational capability of the novel ASS
sensors for Ca®* detection.

Titration as a calibration-free method is still an often used and accurate me-
thod for ion analysis. Focus of our work was to test the applicability of the novel
sensors in potentiometric titration. Tap water samples from different European
countries have been analyzed by potentiometric titration using the novel ASS
sensors. Ca** concentrations have been evaluated and the results have been
compared with standard complexometric titration, where no calibration is
needed. Both ion-complexing substances are well suited for the indicator elec-
trodes. The screen-printed ion-selective electrodes have been successfully used
as indicator electrodes.

In Figure 4 potentiometric titration curves (a) including the first derivatives
(b) of different tap water samples (I - IV) are shown. Potentials were registered
against screen-printed ASS pseudo reference electrodes based on AgCl inks.
There are significant potential jumps of >100 mV at the equivalent points. The
sharp equivalent point allows a precise and accurate analytical Ca** determina-
tion. These results confirm the applicability and good performance of the novel
screen-printed, solid-contact sensors. Tap water samples from European regions
were analyzed, showing different Ca** contents. The determined Ca’" concentra-
tions are reliable indicators for water hardness. Thus, potentiometric titration
using miniaturized potentiometric sensors offers a promising alternative deter-
mination method of high accuracy compared to colorimetric titration.

In Table 3 determined Ca** concentrations by potentiometric titrations of

Table 2. Determined Ca** concentration of real samples.

Potentiometry with novel ISEs Ion-chromatography
Sample
[mg/L] [mg/L]
tap water 1 24 24
tap water 2 33 30
mineral water 59 55
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Figure 4. Potentiometric titration curves (a) and related first derivatives (b) of different
tap water samples, obtained with novel screen-printed Ca** selective indicator electrodes:
(A) Strasbourg (France); (B) Freiberg (Germany); (C) Garda (Italy); (D) Kolobrzeg (Pol-
and).
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Table 3. Ca®* determination by titration methods.

Ion-complexing Ca?* [mg/L] potentiometric Ca®* [mg/L]
Tap water samples o . . L.
compound titration with ASSsensors colorimetric titration
Strasb.
rasbourg I 20 7
(France)
Freiberg
11 26 28
(Germany)
Garda I 32 35
(Ttaly)
Kolobrzeg - 84 87
(Poland)

different tap water samples are summarized. The obtained Ca*" contents are in
good agreement with results from conventional titration using the color indica-

tor calconcarboxylic acid.

4. Conclusions

Screen-printed potentiometric ASS sensors have been used in potentiometric
Ca™ titrations of real samples with EDTA as complexing agent. It has been
shown that the described miniaturized, solid-contact sensors can be successfully
applied to determine Ca** concentrations in environmental samples.

The described solid-contact ISEs, based on diamides as ion-complexing com-
pounds, show stable and reproducible potentials. The sensors excel in robust-
ness, simple construction form and easy handling. ISE and reference electrode,
both in ASS configuration, have been positioned in a space-saving way on
common miniaturized ceramic substrates. The ISEs are manufactured by screen-
printing and have been subsequently modified by applying functional polymeric
layers by drop casting. Only a few chemicals are required during sensor produc-
tion. No glass parts and liquid components were necessary. By using a thin layer
of CPs as intermediate layer between the ion-selective PVC membrane and the
graphite substrate, reproducible potentials are obtained. Both membrane and
intermediate layer show good adhesion and high mechanical stability. Therefore,
the Ca®* determination in water samples can be carried out with high accuracy
and precision. The novel low-cost electrochemical sensors exhibited good elec-
trochemical properties and offer great opportunities for applications in mobile

environmental ion analysis in future.
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