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Abstract

Robust and easy-to-handle solid-contact ion-selective electrodes (SC-ISEs)
based on graphite paste have been developed for the potentiometric detec-
tion of NO; and NHj in environmental samples. Polypyrrole (PPy) has
been used as intermediate layer and solid contact between the elec-
tron-conducting graphite paste substrate and the ion-conducting polyvinyl-
chloride (PVC)-containing membrane with the immobilized ionophore. For
the nitrate- and ammonium-selective electrodes, tridodecylmethylammonium
nitrate (TDMA-NO,) and nonactin have been used as ion-complexing com-
pounds, respectively. Both ISEs show nearly Nernstian response in the linear
range from 10~ mol/L to 10™' mol/L with average slopes of >58 mV/decade.
The ISEs possess short response times (<20 s).
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1. Introduction

Nitrate contamination is one of the most ubiquitous drinking water pollutants
worldwide and is causing serious environmental problems. Intensive agricultural
activities cause an increase of nitrate concentration in surface and groundwater.
Nitrates are widely used in explosives, fertilizers and many industrial products.
Agriculture and sewage effluents as well as other environmental samples contain
high concentrations of nitrate. Nitrate is easily washed out from soil leading to

high contaminations in drinking water samples. Groundwater and well water in
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some regions of Germany are highly contaminated by nitrates due to decaying
plants and animal materials, agricultural fertilizer and domestic sewage. Highly
contaminated ground- and well water by nitrate cannot be used as drinking wa-
ter due to hazard to human health. These samples can only be cleaned with high
technical and financial efforts to maintain the legally required limiting values.

Nitrate is degraded to toxic nitrite, which can cause methemoglobinemia, and
to cancerogenic N-nitrosamines, presenting a great danger for human health.
Beside nitrate, ammonium concentration is increasing in the environment as a
result of discharge from wastewater treatment plants, industrial effluents and
agriculture runoffs. Ammonium, besides nitrate, is another important compo-
nent of nitrogenous fertilizers. It is toxic to aquatic life due to its reduction to
nitrate by oxygen and certain bacteria. High ammonium contents promote algae
growth. Therefore, due to their widespread applications and common occur-
rence, nitrate and ammonium constitute important environmental parameters
to access water quality in many environmental samples. Or in other words, ni-
trate and ammonium concentration levels are important pollution control pa-
rameters. Contamination by nitrate and ammonium in ground- and surface wa-
ter has been steadily increasing during the last years. Contamination of both ions
is still high in many regions of Germany due to intensive agricultural activities
(1] [2] [3].

The presence of both ions in natural water can be associated in most cases to
pollution caused by livestock, intense agriculture and domestic sewage. They in-
dicate the eutrophication degree. High concentration of both pollutants en-
cumbers ecological balance of natural waters and quality of drinking water.

Measurement of nitrate and ammonium content is, therefore, of great impor-
tance to get information of the ecosystem balance. Monitoring and surveillance
of these ions in the field in agricultural areas is often required. A continuous and
preventative analysis is, therefore, of great importance in view of limiting values
and immediate reaction on incidents, too.

The current WHO drinking water guideline permits 50 mg of nitrate per liter.
The European Community (EU) requires a limiting value of 50 mg/L (ppm) of
nitrate, too.

In some regions of Germany this value is often exceeded. According to the
German Drinking Water Act, the limiting value for ammonium is 0.5 mg/L [4].

Graphite paste electrodes consisting of a mixture of graphite powder and or-
ganic binder found widespread applications in electrochemical analysis. Gra-
phite is a nontoxic and environmentally friendly electrode material, and is used
in voltammetry as well as in potentiometry [5] [6].

Solid-contact ion-selective electrodes (SC-ISEs) offer several advantages over
conventional electrodes with internal electrolytes, like small size, simple design
and low cost. As solid contact material and as intermediate layer between the
ion-selective membrane and the graphite, polypyrrole has been used. It offers a
definite transfer of ion to electrical charge. SC-ISEs without any internal electro-

lytes present promising low-cost analytical tools due to their advantages, such as
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miniaturization, portability, fast response, simplicity in operation and low pro-
duction cost, for widespread application fields. No internal electrolyte solution
needs to be incorporated. They offer, therefore, excellent opportunities for re-
mote monitoring and rapid mobile field-analysis, and thus, have found wide-
spread practical applicability. Solid-contact ion-selective electrodes are suitable
as simple on-site disposable analyzers, combine ease of use with simple, inex-
pensive accessible manufacturing techniques, and need simple instrumentation
only. As solid contacts, conducting polymers are commonly used [7] [8] [9] [10].

So far, nitrate and ammonium determinations were mainly carried out using
laboratory-based instrumental analysis methods, such as ion chromatography
and spectroscopy methods. These methods require in general expensive equip-
ment and complicated operation procedures, samples pretreatment, use of
chemicals and qualified personal. They are time consuming and are not suitable
for field analysis and mobile in-situ measurements.

Low-cost and easy-to-handle chemical analyzers, usable infields, are of in-
creasing interest in environmental analysis. Electrochemical sensors are well
suited for on-line analysis due to their sensitivity and portability. During the last
years, there has been an increasing demand and high public interest for miniatu-
rized, analytical devices for on-site and in-situ determination of environmental
pollutants. It is, therefore, of great interest to transfer analytical measurements
from the laboratory to the field.

Commercially, in most cases ion-selective electrodes for potentiometric ni-
trate and ammonium determinations are based on inner liquid electrolytes.
Moreover, a quaternary ammonium salt is trapped in a PVC membrane. Most of
them are in macroscopic form. Therefore, they are both difficult to handle and
to miniaturize for field applications. Ion-complexing compounds are described
in literature, but they have to be synthesized in complicated manner. These
compounds did not found application in commercially available until today.
Synthesis of new ion-complexing compounds for both ions is difficult to realize
and requires long preparation procedures [11] [12] [13] [14].

The aim of this work was the development of inexpensive, simple, robust and
fit-for-the-field solid-contact all-solid-state (ASS) ISEs based on graphite paste
for potentiometric detection of nitrate and ammonium in environmental sam-

ples.

2. Experimental

2.1. Reagents and Solutions

All chemicals used were of analytical or selectophore grade and used as received
without further purification. Standard solutions were prepared from NH,NO,.
All solutions were prepared using deionized water. Working solutions were ob-
tained by dilution of stock solutions. The following components for membrane
preparation are purchased from Sigma-Aldrich. As ion-selective components
have been used nonactine and TDMA-NO,. As plasticizers, bis(1-butylpentyl)adipate
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and dibutyl phthalate were used. Also poly(vinyl)chloride, tetrahydrofurane
(THE), pyrrole and salt solutions containing nitrate and ammonium ions have
been used.

As eluent for chromatographic anion detection Na,CO; (3.6 mmol/L) has

been used.

2.2. Apparatus

Potentiometric measurements were carried out at room temperature (20°C -
22°C) using a pH/ion analyzer (WTW, Germany; LM 2000, Sensortechnik
Meinsberg, Germany). Ag/AgCl reference electrodes (Kurt-Schwabe-Institute
Meinsberg, Germany) with saturated KCl as electrolyte have been used. Refer-
ence analyses were carried out with an ion chromatography system (Metrohm
850 Professional) with a Metrosep A Supp 7 - 250 column (Metrohm).

3. Electrode Construction and Preparation

Graphite paste is produced by mixing graphite powder with epoxy resin and
hardener. The paste was filled into a plastic holder. A copper wire as electrical
connection was put into the paste.

A mediator layer of polypyrrole was applied on the graphite paste, and then
the ion-selective membrane was dropped on the conducting polymer. Both po-
lymeric layers adhere well on the graphite resp. conducting layer. Deposition of
PPy was carried out in a monomer solution containing 0.1 mol/L pyrrole and 0.1
mol/L potassium chloride or potassium nitrate to yield a conducting polymer
layer doped with chloride anions and potassium cations.

The deposition of PPy has been realized via in-situ electropolymerization by
direct deposition onto the surface of graphite. Applying cyclic voltammetry, PPy
films are deposited by repetitive cycling within the potential range from +0.2 V
to +0.7 V vs. Ag/AgCl at a scan rate of 10 mV/s for 100 cycles. The thicknesses of
the PPy films yield between 5 - 8 um. After the deposition of the conducting po-
lymer, the ion-selective cocktails were drop casted by pipetting 5 - 10 ul onto the
conducting polymer film. The solvent was allowed to evaporate. Preparation of
the ion-selective electrodes has been carried out by following steps:

- Graphite paste (fayer 1),
- Depletion of PPy on graphite transducer (/ayer2),
- Depletion of ion-selective membrane on conducting polymer (/ayer 3).

Figure 1 shows the schematic structure of a graphite paste based ion selective
electrode. In Figure 2 novel carbon-paste ion-selective electrodes are shown.

The ion-selective membrane composition has been optimized by varying the
weight composition of the single membrane components. In Table 1 the opti-
mized membrane compositions are summarized. Weight percent of the single
components are given in brackets.

Figure 3 shows the ion-complexing compounds which have been incorpo-

rated in PVC-membranes.
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Figure 1. Schematic structure of the ion-selective electrode based
on graphite paste.

Figure 2. Graphite paste ion-selective electrodes of different di-
mensions.

(®)

Figure 3. Ion-complexing compounds: (a) NH, complexing substance (nonactin); (b)

NO; ionophore (TDMA-NO,).

Table 1. Membrane composition.

Component NH; -selective electrode NO; -selective electrode
. Tridodecylmethylammonium nitrate

Nonactin

Ionophore (TDMA-NO;)
[1.0 wt%]

[7.1 wt%]

Plasticizer Bis(1-butylpentyl) adipate

[66.8 wt%]
Polymer Poly(vinyl) chloride Poly(vinyl) chloride

[32.2 wt%] [28.6 wt%]
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4. Results and Discussion
4.1. Potentiometric Investigations

The ion-selective electrodes were conditioned in 107 mol/L of standard solution
for 5 hours before the first measurement. Performance and characteristic values
of the electrodes were determined.

Figure 4 und Figure 5 show the response behavior of the NH, - and NO; -
selective ASS electrodes in standard solutions. The ISEs show linear potenti-
ometric response towards the ions in the range 10~ mol/L - 1 mol/L and stable
potentials.

Characteristic electrochemical electrode parameters are given in Table 2.
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Figure 4. Potentiometric response behavior and calibration plot of a NO;

-selective ASS electrode; standard solutions of NH,NO,: a. 1 mol/L, b. 107"
mol/L, c. 107> mol/L, d. 107 mol/L, e. 10™* mol/L, f. 10~ mol/L.
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Figure 5. Potentiometric response behavior and calibration plot of a
NH; -selective ASS electrode; standard solutions of NH,NO,: a. 1 mol/L,
b. 107 mol/L, c. 102 mol/L, d. 10~® mol/L, e. 10™* mol/L, f. 107> mol/L.

Table 2. Electrode characteristics.

Parameter NH; -ISE NO; -ISE
Sensitivity [mV/decade in range of 1
>52 >=52
mol/L to 10~° mol/L]
Coefficient of determination [R?] 0.991 0.995
Limit of detection [mol/L] <10°° <-107°
Selectivit fficient [lg &P
electivity coefficient [lg 4] K*: -0.85 Cl: -1.63
(main interfering ion)
Response time [s] <25 <25
Life time [month] 6-12 6-12
Linear range [mol/L] 107'-10"° 107'-10°°
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The relative standard deviation (RSD) for the nitrate and ammonium elec-
trodes in the range of 107 - 10~ mol/L was below 4% (n = 5) for both ions. The
electrodes are applicable in the pH range of 3 - 8, where the potential remained
constant. Selectivity is of great importance, as it determines the extent of utility
of the ISE in real sample measurements. Selectivity coefficients show the poten-
tial interference of other ions on the potential response of the ISEs. The selectiv-
ity coefficients were determined by applying the fixed interference method
(FIM) and separate solution method (SSM). Concentration of the interfering ion
was 107> mol/L. Response time, slope of calibration curve, detection limit and
selectivity coefficients of main interfering ions are presented. Life times of the
electrodes under laboratory conditions is more than 3 years. After 2 years both

electrodes still show slopes of >90% compared to initial values.

4.2. Applications

Different tap water and well water samples from Germany have been analyzed
by direct potentiometry using the novel ion-selective ASS electrodes. No sample
preparation has been carried out. In Figure 6, the potentiometric response is
shown in standard solutions and real samples.

The determined nitrate concentrations have been compared with results
achieved by ion chromatography as reference method. Table 3 gives obtained
results by both methods from different German tap and well water samples.
Good agreement between both methods has been achieved. The nitrate concen-
trations in the determined tap water samples are below the limiting value of 50
mg/L for drinking water, whereas the well water samples show higher nitrate
concentration, and therefore, cannot be used as drinking water sources.

In Figure 7 a calibration plot for a NHj -selective electrode is shown. A tap
water sample (Hartha Germany) has been analyzed by direct potentiometry with
the new ISEs. A NHj -amount of 0.18 mg/L have been evaluated. The limiting
value (0.5 mg/L) according to the German Drinking Water Act (Deutsche
Trinkwasserverordnung) is marked. The NH, -concentration in the sample is

below this limiting value.

Table 3. Nitrate content of real water samples by different methods.

Real sample Ion-selective electrodes Ion chromatography
[mg/L] [mg/L]

Freiberg (tap water) 22 22
Enkenbach (tap water) 33 31
Koln (tap water) 17 16
Leisnig (tap water) 8 7
Hartha (tap water) 27 30
Débeln (tap water) 25 23
Miera (well water) 87 83
Hermsdorf (well water) 79 79
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Figure 6. Response behavior and calibration plot of a novel nitrate-selective ASS
electrode; standard solutions of NH,NO;: a. 1 mol/L, b. 10™" mol/L, ¢. 10~ mol/L,
d. 107 mol/L, e. 107* mol/L, f. 10~* mol/L; real samples: tap water Enkenbach (1),
well water Hermsdorf (2), tap water Koln (3), tap water Leisnig (4).
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Figure 7. Calibration plot of an ammonium-selective electrode
with a tap water sample.
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5. Conclusion

Unique liquid-free graphite paste ion-selective ASS electrodes for the detection
of ammonium and nitrate ions were developed. The ion-selective electrodes
consist of different layers. Polypyrrole has been used as solid contact and inter-
mediate layer between the ion-selective membrane and the solid electron con-
ductor. The solid contact of conducting polymer reduces the irreproducibility
and instability of the measured potentials. The ion-selective electrodes show
good response behavior and are characterized by easy handling, low cost, long
lifetime, as well as by a simple and stable construction form with reproducible

functional layers.
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