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Abstract: Chloride ion sensing is important in many fieldscls as clinical diagnosis,
environmental monitoring and industrial applicasolVe have measured chloride ions at a
carbon paste electrode (CPE) and at a CPE modigd solid AgNG;, a solution of
AgNO; and/or solid silver particles. Detection limits$8\) for chloride ions were 1QM,

100 uM and 10uM for solid AgNG;, solution of AgNQ and/or solid silver particles,
respectively. The CPE modified with silver partilis the most sensitive to the presence
chloride ions. After that we approached to the atumization of the whole electrochemical
instrument. Measurements were carried out on minzgd instrument consisting of a
potentiostat with dimensions 35 x 166 x 125 mmeecrprinted electrodes, a peristaltic
pump and a PC with control software. Under the nsustable experimental conditions
(Britton-Robinson buffer, pH 1.8 and working electe potential 550 mV) we estimated the
limit of detection (3 S/N) as 500 nM.
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1. Introduction

Chloride ions sensing is important in many fieldsls as clinical diagnosis [1, 2] environmental
monitoring [3-5] and various industrial applicat®of6, 7]. Considering the fact that chloride chdsne
play crucial role in physiological processes itnst surprising that missregulation of chloride ions
transport by these channels can cause seriousddisorCystic fibrosis is a disease in which gene
encoding of a protein, called cystic fibrosis traesnbrane regulator, and which functions as a afgori
channel in epithelial membranes, is mutated and itisufunction is altered [8]. Besides the impoc&n
of monitoring of chloride ions in patients with shdisease, monitoring of chloride ions in the
environment is needed. Chloride ions content incoete plays important role in the quality of
reinforced concrete, as these ions induce depaissivaf the steel rebars and initiation of the osron
process leading to degradation of the structuréor@le ions in concrete come from cement, aggregate
materials and water used for creating concretdyyodiffusion of chloride ions from outside of the
structure through water pores in the concrete. idetation of chloride ions in materials for coneret
is thus necessary [3, 9]. The content of chloraiesiin waters is also monitored well [10, 11].

Numerous analytical methods for chloride ions wradety of samples have been developed, such as
ion chromatography [17, 18] near-infrared spectitoyrid2] spectroscopy [13] light scattering [14hio
selective electrode method [6, 9, 15, 16] turbidimemethod [17] and flow based methods coupled
with different detectors [9, 18, 19]. On the othand, sensors and biosensors have the advantages of
specificity, low cost, ease to use, portability #mel ability to furnish continuous real time sighf0-66].
Several sensors or biosensors for selective cleaoids detection have been suggested [1, 3, 6,510,
67-71]. The main aim of this paper was to testowggicarbon paste electrodes for detection of adori
ions. Moreover, we adopted the results obtainesliggest miniaturized device for situ monitoring
of chloride ions.

2. Material and Methods

2.1 Chemicals, material and pH measurements

Chemicals used were purchased from Sigma Aldricen@tal Corp. (USA) in ACS purity unless
noted otherwise. The stock standard solutions wapaped with ACS water (Sigma-Aldrich, USA)
and stored in the dark at -4 °C. Working standatdte®ns were prepared daily by dilution of theckto
solutions. The pH value was measured using WTW aolevel 3 with terminal Level 3 (Weilheim,
Germany), controlled by the personal computer @nwg(MultiLab Pilot; Weilheim, Germany). The
pH-electrode (SenTix-H, pH 0-14/3M KCI) was reglyacalibrated by set of WTW buffers
(Weilheim, Germany).Deionised water underwent demalization by reverse osmosis using the
instruments Agqua Osmotic 02 (Aqua Osmotic, Tisr@xech Republic) and then it was subsequently
purified using Millipore RG (Millipore Corp., USAL8 MQ) — MiliQ water.
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2.2 Voltammetric measurements

Voltammetric measurements were performed with anTAUAB Analyzer (EcoChemie,
Netherlands) connected to a VA-Stand 663 (MetroBmitzerland), using a standard cell with three
electrodes. The working electrode was a carbonepelgctrode. The reference electrode was the
Ag/AgCl/3 M KCI electrode, and a platinum wire wased as the auxiliary electrode. All experiments
were carried out at room temperature. For smoothimd) moving average baseline correction GPES
4.9 supplied by EcoChemie was employed. Experinhgragameters of adsorptive transfer stripping
technique (AdTS) coupled with differential pulsdtammmetry (DPV) were as follows: step potential 5
mV, amplitude 25 mV, initial potential 0.05 V, embtential 1.1 V (more details are given in the
Results and Discussion section). Britton-Robinsarffeb consisted of 1:1:1 0.04 M boric acid
(H3sBOs), phosphoric acid (§0,) and acetic acid (C¥OOH) adjusted with 0.2 M NaOH to desired
pH.

2.3 Preparation of carbon paste electrode and its modification

The carbon paste electrode (CPE) was made of 704% ihg,w/w) graphite powder (Sigma-
Aldrich) and 30 % (70 mgw/w) mineral oil (Sigma-Aldrich; free of DNase, RNasad protease).
This carbon paste was housed in a Teflon body witB.5-mm diameter disk surface. Before
measurements the electrode surface was renewedpiygwvith wet filter paper. Then, the surface
was ready for measurement of a 5 pL sample volutBerb]. The silver modified-CPE was prepared
in the same way as described above, with the exrept adding solution of AgNg) solid form of
AgNO; or Ag particles (units of um) into graphite powa@ed mineral oil. This mixture was ground to
perfection for 10 min using agate grinding mortar.

2.4 Amperometric measurements

Amperometric measurements were carried out withtirmbde potentiostat BioStat (ESA, Inc.
USA). It is four-channel system with three opergtmodes per channel (amps, volts, and temp). The
system was connected through data bus USB to m@rsomputer. The home made apparatus was
connected to the first channel of the potentio§this apparatus consists of a basic plate on wthieh
connector TX721 1115 with 2.54 pin spacing and@889532035 connector (Molex) with 1.25 mm
pin spacing are placed. The connectors are desifpreconnection of two different screen-printed
electrodes. Miniaturised electrode system consisiedvorking (silver), auxiliary (carbon) and
reference (Ag/AgCl) electrode. Screen-printed eteldts are fabricated using standard thick-film
techniques [76] on an alumina substrate forming ttiree-electrodes electrochemical sensor with
dimensions of 25.4 x 7.2 mm [27]. Thick-film pasiged for leads and contacts was AgPdPt based
paste type ESL 9562-G (ESL Electroscience, UK). &axiliary electrode Pt based paste type ESL
5545 was used. The working electrode was fabricaited Ag based paste type ESL 9912-K. Finally
the reference electrode was fabricated from DuPBoPont, USA) paste type 5874 (Ag:AgCl ratio:
65:35).



Sensors 2008 8 5622
2.5 Descriptive statistics

Data were processed using MICROSOFT EXCEL® (USASsUts are expressed as mean + S.D.
unless noted otherwise. The detection limits (3 )S¥dere calculated according to Long and
Winefordner [77] whereas N was expressed as stdrdariation of noise determined in the signal
domain unless stated otherwise.

3. Results and Discussion
3.1 Carbon paste electrode modified by solid AgNOs

We measured chloride ions at the carbon pasteretkct The signal obtained was not well
developed. The detection limit (3 S/N) was estimdatewn to 10 M. Therefore it was necessary to
modify a working electrode (Figure 1). It is a coomimknowledge that silver (I) ions form a non-
soluble AgCI precipitate with chloride ions. We ddfis feature to select suitable CPE modifiers to
detect chloride ions. Primarily we choose solidesil(l) nitrate as the modifier (6 mg of AgN@as
added to CPE).

Figure 1. Chloride ion sensorSensor is based on modification of a carbon pdsttrede
with silver (I). Reaction between silver (I) andaride ions provides high selectivity and
sensitivity for detection of chloride.

Modification of CPE
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AgNO; (s)
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Sensitivity
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The CPE modified by solid silver (I) nitrate didgiive a signal in the presence of Britton-Robinson
buffer (pH 1.8) only (not shown). Signal detectsthg modified CPE probably relates to formation of
AgCl and its dissociation. Chlorides can be alssodoed on the mercury electrode surface at +100 mV
under formation of products with mercury similatly silver electrodes surface. It was generally
considered that this bond is too strong to be gorption. Their common superficial concentration is
about 1.5 nmol/f[11, 78]. Therefore we tested the influence ofuacglation of AgCl on the surface
of modified CPE. Differential pulse voltammetric adysis was initiated by the accumulation of
reaction product at potential +250 mV. The quarditaccumulated product increased with the time of
accumulation up to 60 s, and then the signal dedlifrigure 2A). The dependence of peak height on
NaCl concentration within the range from 1281 to 1 mM was studied (Figure 2B). The obtained
signals were well developed and decreased fromuA.2 0.2 A with decreasing concentration of
chloride ions. Potential of peak shifted to moresippee potentials from 218 to 290 mV. Limit of
detection (3 S/N) was estimated as 180NacCl.

Figure 2. Electrochemical analysis of chloride ions usingCBE modified with solid
silver(l) nitrate.(A) Dependence of signal height (1™ NaCl) on accumulation time.
Accumulation potential 250 mVB] DP voltammograms of NaCl (0.125, 0.250, 0.500 and

1.00 mM).
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3.2 Carbon paste electrode modified by solution of AgNO3

In the following experiments the CPE was modifigdalpueous silver(l) nitrate solution (0.4 pL of
solution of AgNQ 1 g/mL was added to the CPE). The CPE modifieel fiks didn’t give a signal in
the presence of Britton-Robinson buffer (pH 1.8)yorAfter addition of 1 mM NaCl into the
supporting electrolyte, a peak at 225 mV was ddterdh We observed that NaCl concentrations
higher than 1 mM resulted in inhomogeneous satmatf modified CPE electrode surface by AgCI
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precipitate. This phenomenon caused nonlinearityabbration curve in the range of the higher NacCl
concentrations. The dependence of peak height @1 dancentration within the range from 1261

to 1 mM was linear, which shows on optimal raticagieous silver (I) nitrate solution into CPE and
concentration of chloride ions in supporting elelgtie. Therefore it can be also assumed that lafer
AgCl precipitate on the surface of modified CPEnm®re homogenous. With increasing NaCl
concentration potential of peak shifted to moreitpas potentials from 230 mV to 290 mV. Limit of

detection (3 S/N) was estimated as 180NacCl.

Figure 3. Electrochemical analysis of chloride ions using ECPodified by silver
microparticlesDP voltammograms of NaCl (0.0625, 0.125, 0.25000.&8nd 1.00 mM).
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3.3 Carbon paste el ectrode modified by silver microparticles

The CPE modified with silver microparticles (unitsum) is the most similar to a silver electrode.
The additions of silver microparticles from 0.4 neg200 mg into carbon powder were tested. Silver
microparticles additions below 50 mg didn’t proviskfficient sensitivity for chloride ion detection,
because the detection limit (3 S/N) was higher tB&80 uM NaCl. Silver microparticles contents
higher than 160 mg made the CPE physical conditmise; particularly a shorter shelf life of the
working electrode and lower sensitivity were obserwVe determined that the optimal composition of
the modified CPE was 140 mg of Ag particles per @ carbon powder (1:Mv/w). This rate
provided sufficient sensitivity and shelf life logrgthan four weeks. Chloride ions were measured
within the concentration range from 1M to 1 mM NaCl. DP voltammetric peaks were well
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developed with relative standard deviation belo% %Figure 3). Peak height decreased proportionally
(from 8 pA to 0.2uA) with decreasing chloride concentration and deptial shifted to more positive
potentials (from 230 mV to 290 mV). Limit of detext (3 S/N) was estimated as g NaCl. Ten
times lower detection limit may relate with largactive surface of silver on the surface of CPE,
because silver particle probably homogenously atgdrCPE. Considering principle of a measurement
stripping of AgCl on the surface of CPE modifieddilyer particle can be expected.

It can be concluded that CPE modified by silvertiplas is the most sensitive to the presence of
chloride ions. Therefore we optimized basic experital conditions and used the CPE modified with
silver particles. The type of supporting electrelytas the first condition to be optimized. The leigth
current response of chloride ions (100 uM) was mwe@sin Britton-Robinson buffer. The height of
the chloride peak measured in the presence oftacata/or borate buffer was for more than 50 %
lower compared to Britton-Robinson peak (Figure .4Ahe pH of the supporting electrolyte also
influenced the chloride ion signal. Hence, optirtima of pH of Britton-Robinson buffer was our
second step. Higher current responses were detednainiower pH values. Moreover relative standard
deviation enhanced with increasing pH of the buffem 1.2 % to 4.5 %n(= 5). Dependence of
chloride ions peak height on its concentration mesasin Britton-Robinson buffer (pH 1.8) is shown
in Figure 4B. The dependence was strictly linear=(¥.0011x + 0.0317, R= 0.9952). Due to
optimisation steps limit of detection (3 S/N) waskred and estimated ag¥ NacCl.

Figure 4. Electrochemical analysis of chloride ions usingECRodified with silver
microparticles(A) Effect of type of supporting electrolyte (Brittdtobinson, Acetate and
Borate buffer) on chloride ions respond®) Calibration curve.
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3.4 Miniaturization of measuring device

After we successfully optimized the modifications @PEs which were connected to a standard
laboratory potentiostat, we approached the minizdtion of the whole electrochemical instrument.
The measurements were carried out on miniaturizstiiment consisted of a Biostat potentiostat with
dimensions 35 x 166 x 125 mm, screen printed eldes, a peristaltic pump and a PC with control
software (Figure 5). The electrochemical flow aells connected to the peristaltic pump via capillary
tubing. The pump introduced the supporting elegteobnd samples. Screen printed electrodes with
silver electrode as working one were inserted itite cell. The electrodes were connected to
miniaturized potentiostat controlled by PC, whdec®ochemical responses were recorded. To obtain
well repeatable responses full immersing of scperied electrodes was needed.

Figure 5. Scheme of the miniaturized flow system.
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A surface electron microscopic microphotograph lod fabricated Ag-based working electrode
surface is shown in Figure 6. Planar screen prietedtrodes are intended for one use only, bud it i
more convenient to utilize them several times faasurements. Therefore we focused on a way to
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recycle the electrodes. The electrode surface veahed with MiliQ water and polished mechanically
with alumina between two independent measurements.

Using this cleaning cycle NaCl (0.5 mM) was detdcterty times. The signal decreased with
increasing number of measurements. However relaiaadard deviation was below 11 %. These
electrodes can be used for more than tens measutemihout considerable lost in height of peak of
interest. Cost per one analysis of chlorides in@anis thus markedly reduced. In addition new
possibilities of proposing of easy to use and lowstcinstruments for on-line monitoring of
environment are opened.

Figure 6. Surface electron microscopic microphotograph ofesilworking electrode
surface (left), in detail (right).

LEI 50kv  X1,000 10um WD 8.0mm LEI 5.0kv  X3,000 1um WD 102mm

Influence of applied potential and chloride concentrations

Based on the above mentioned results we chooswiBRobinson buffer (pH 1.8) as supporting
electrolyte. It follows from the voltammograms show Figures 2 and 3 that the highest current
response was detected within the range of potenfiaim 150 to 250 mV. Due to the change in the
electrode system we investigated on the influencapplied potential (from 100 to 900 mV) on
chloride ion peak height. The hydrodynamic voltangnamn obtained is shown in Figure 7A. Marked
enhancement of chloride ions peak was observed 8hmV. The highest peaks were measured at
600 mV. Under potentials higher than 650 mV, curnasponse decreased (Figure 7A). It clearly
follows from the results obtained that the mostahle potential for detection of chloride ions v&Q®
mV.

Under the most suitable experimental conditionsti@r-Robinson buffer, pH 1.8 and working
electrode potential 600 mV) we studied the effetctdifferent chloride ions concentration on its
response. Characteristic amperometric responseshangn in Figure 7B. Before two independent
measurements the electrode was polished as medtiaipeve and, moreover, we had to wait to
establish base line. The whole process didn't takee than 5 min. A typical calibration curve is
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shown in Figure 7C. Concentrations higher than B0 form multilayers on the working electrode
surface, which results in a slight decrease in gezight. The calibration curve obtained within the
range from 5 to 500 uM was strictly linear with tflowing equation y = 0.2534x + 5.0117R
0.9969, relative standard deviation 7.5 %. Thetliofidetection (3 S/N) was estimated as 500 nM
NaCl.

Figure 7. Chloride ion detection using screen printed etetgs. A) Hydrodynamic
voltammogram of chloride ions (100 uMB)( Amperometric signals of chloride ions
(1000, 500, 250, 125, 63, 32, 15 and 7 uIg). Calibration curve.
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4. Conclusions

From the electrodes used for detection of chlorides screen printed ones connected to
miniaturized potentiostat is the most sensitiveisTihstrument also represents easy-to-use and well
portable device for monitoring of chloride ions centration in various types of samples. Environment
is polluted with many toxic compounds containedoglle ions such as persistent organic pollutants
(POPs), detergents, and other chemicals.

POPs are chemical substances that persist in theement, bioaccumulate through the food web,
and pose a risk of causing adverse effects to hurealth and the environment. In light of evidente o
long-range transport of these substances to regidese they have never been used or produced,
several international communities and organizatlmnge called for urgent global actions to reduad an
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eliminate releasing of these chemicals. Their cytlenvironment is well established. In the lattalf

of the 2" century these compounds presented consideratiiediegical progress. One of the most
“famous” POP molecules is DDT (Dichloro-Diphenylidhloroethane), a general-purpose insecticide
toxic to most insect pests. DDT was used with gefégct to control mosquitoes responsible for
spreading malaria, typhus, and other insect-boliseades among populations. Nevertheless, after
long-lasting exposition it has been demonstratatl BOPs may cause may cause cancer and that their
agricultural use was a threat to wildlife, partemly birds. Based on these findings usage of P@Bs h
been banned in most of all countries on the wor+g5]. Nowadays, POPs still persist in planetary
cycle with continuing entries from various sour@egure 8).

Figure 8. Schematic of the POP cycle in the environment. & released from local
sources and transported via atmosphere. They datally into water ecosystems
(particularly plankton); plankton is subsequentbnsumed by fish. Predators including
humans are also affected because they stand itophef food chain. The second way is
surface contamination of plants.
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Recently, it was published that enzymatic cleavajethese POPs into the corresponding
hydrocarbon and halide can be successfully utilimedndirect detection of these toxic compounds
[30]. The enzymes used for this purposes are imgbim biochemical pathways enabling bacteria to
utilize halogenated compounds via releasing halogan from the molecule of halogenated
hydrocarbon [86-92]. A scheme of a biosensor udiglgalogenase and our miniaturized instrument is
shown in Figure 9.

Figure 9. Suggestion ofenzyme biosensor for analysis of PORllutant is introduced
on the biosensor, where enzymatic cleavage of dflatpnt takes place. Hydrocarbon and
chloride are released during reaction. Releaseatidelis detected.
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