Assessment of an ultramicroelectrode array (UMEA) sensor for

the determination of trace concentrations of heavy metals in water

Zur Erlangung des akademischen Grades eines
Doktors der Naturwissenschaften
an der Fakultat fur Bauingenieur-, Geo- und Umweltwissenschaften
der
Universitat Karlsruhe
genehmigte
DISSERTATION

von

Xudong Xie
aus VR China
2004

Tag der miundlichen Prifung: 02.06.2004
Referentin: Prof. Dr. Doris Stliben
Korreferent: Prof. Dr. Rolf-Dieter Wilken



Abstract

Abstract

Rapid development in silicon technology and microelectronics has nowadays
enabled the mass fabrication of microelectrode arrays with well-defined and
reproducible geometries on micron scales by using thin-film technology. Compared to
conventional macroelectrodes, microelectrodes possess several attractive features,
such as high mass transport, reduced charging current, immunity to ohmic drop, high
signal-to-noise ratio, etc., which are very advantageous for developing decentralised

analytical equipments in trace metal analysis.

A novel iridium-based ultramicroelectrode array chip (I-UMEAs) was recently
designed and fabricated by means of microlithographic techniques by one of the
partners (Fraunhofer Institute of Silicon Technology, ISIT, Germany) of this joint
research project. The Ir-UMEA chip is made up of 4048 individual
ultramicroelectrodes (working electrodes) arranged in four separate arrays. Each
array consists of 46 x 22 = 1012 disc shaped microelectrodes with a diameter of 1.8
um each, giving a total electrode area of 2575 um?2. The electrodes are recessed by

0.2 um and are spaced with an interelectrode distance of 25 pm.

This study is mainly aimed at (i) investigating the electrochemical behavior and the
analytical performance of the Ir-UMEAs, (ii) assessing the analytical parameters of
square-wave stripping voltammetric measurements (SWASV) using the Ir-UMEAs,
and (iii) estimating the potential of the Ir-UMEAs for the development of an analytical
instrument to determine trace metal concentrations in natural waters. Surface
analytical techniques (SEM, ESEM, and AFM) showed that the Ir-UMEA chips are of
high quality, without evident defects in manufacture. Cyclic voltammetric and
chronoamperometric experiments proved that the electrochemical behavior of the Ir-
UMEAs is dominated by features characteristic for microelectrodes (sigmoidal
voltammograms, steady-state current response, etc.). The quality of the Hg-film
proved to be crucial in achieving a high analytical performance. Chronocoulometry
was found to be the most suitable method in generating a Hg-film of good quality. An
Ir-UMEA chip could be plated at least ten times without obvious loss in analytical
performance, corresponding to approximately 500 measurements of trace metal
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concentrations in synthetic aqueous solutions. Using SWASV, detection limits of <0,1
ug/l could be obtained for the metals investigated (Cu, Pb, Cd, Zn). Precision and
accuracy were found to be satisfactory (about £10% of RSD). Though fouling of the
arrays with time may become a problem, an ultrasonic bath proved to be very
efficient in cleaning the surface of the electrodes in laboratory. Instrumental
parameters, experimental conditions, and possible interferences were investigated
and optimised. Interferences due to dissolved organic matter and/or intermetallic
compounds were significantly reduced by means of medium exchange and standard
addition. The results obtained with the Ir-UMEA sensor showed a reasonably good
agreement with high resolution ICP-MS analyses, indicating that the combination of
microelectrode arrays with SWASV has a great potential in developing a marketable
field analytical system for the determination of heavy metal concentrations in natural

waters.

However, for in situ and on-site measurements, the protection of the UMEAs from
fouling (e.g., the integrating of the arrays in an anti-fouling membrane) seems to be
inevitable. In order to avoid the shield effect caused by the overlapping of diffusion
layers of the individual electrodes and thus to achieve a pure microelectrode
behavior with the Ir-UMEAs, increasing the ratio of interelectrode distance to

electrode diameter is recommended for further developments.
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1. Introduction

1. Introduction

There is a growing concern about the contamination of natural waters with heavy
metals due to the detrimental impact of those elements on the environment.
Considerable amounts of heavy metals are released into aquatic systems (lakes,
rivers, oceans) from various anthropogenic sources, like municipal sewage effluents,
garbage incineration, combustion of fossil fuels, metallurgical industry, mining,
agricultural runoff, etc. (MOORE & RAMAMOORTHY 1984, ALLOWAY 1993). Even at low
concentrations (107-10"" M) (STumm 1996), heavy metals may present a severe
hazard to the normal functioning of aquatic systems as some of them are very toxic,
are not biodegradable, and are involved in biogeochemical cycles (FIEDLER &
ROESLER 1993). In natural waters, heavy metals exist generally in particulate and
dissolved form, such as inorganic species, organic complexes, and metal ions
adsorbed onto a variety of colloidal particles (FLORENCE 1986, BUFFLE & HORVAI
2000). Any variation in the speciation of heavy metals will influence their
bioavailability, toxicity, and geochemical behavior (e.g., mobility, adsorption, and
precipitation) in natural waters (TESSIER & TURNER 1995, HiLL 1997, MILLERO &
PIERROT 2002).

For the assessment and a better understanding of the pollution of natural waters with
heavy metals, reliable and robust analytical techniques with low detection limits are
required. Various analytical approaches have been used for the determination of
trace concentrations of heavy metals, such as atomic absorption spectroscopy
(AAS), inductively coupled plasma mass spectrometry (ICP-MS), ion chromatography
(IC), total reflection X-ray fluorescence (TXRF), instrumental neutron activation (INA),
electrochemical stripping analysis (e.g., ASV, PSA), etc. (KOUNAVES 1990, PALCHETTI
ET AL. 1999). Ever since, stripping analysis has been always regarded as a very
powerful electrochemical technique for trace metal measurements. The strength of
stripping voltammetry is in its extremely low detection limits (107°-1072 M), its multi-
element and speciation capabilities, and its suitability for on-site and in situ
applications (KISSINGER & HEINEMAN 1996). Using this method, trace concentration of
heavy metals could be directly determined without any pretreatment of samples, such

as external preconcentration or matrix separation as commonly required in other
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analytical techniques (STATHAM ET AL. 1985, GRASSHOFF ET AL. 1999). Its extremely
high sensitivity is attributed to its inherent (“built-in”) preconcentration step (WANG
2000). For the determination of saline samples with high concentrations of matrix
elements, like seawater, ICP-MS cannot be used without dilution or analyte
extraction (BRENNER & TAYLOR 1992, ALLEN ET AL. 1997, GAO ET AL. 2002), although it
provides very low detection limits. In contrast, for such samples, stripping analysis
can be easily applied, the salinity of samples being even of advantage because it
serves as natural electrolyte (NUERNBERG 1984, DANIELE ET AL. 1989, ACHTERBERG &
BRAUNGARDT 1999).

One of the most important recent advances in stripping analysis has been its
coupling with ultramicroelectrodes. This combination eliminates the need for forced
convection during deposition step (WOJCIECHOWSKI & BALCERZAK 1991), minimizes
variations due to natural convection (GAO ET AL. 1995), facilitates assays of very
small sample volumes (WOJCIECHOWSKI & BALCERZAK 1990, WANG ET AL. 1999,
EMONS ET AL. 1999), permits stripping analysis in poorly conductive media (WIGHTMAN
1988, CISZKOWSKA & OSTERYOUNG 1995) or speciation determination in low ionic-
strength solutions (TERCIER-BAEBER & BUFFLE 1999), and increases the sensitivity of
measurement (detection limit 10" M) (KISSINGER & HEINEMAN 1989). Using
microelectrodes, it is quite possible to develop an in situ and on-site portable
analytical system for the trace metal analysis, because the design and operation are
greatly simplified in comparison with conventional stripping analysis by means of
macroelectrodes, in accordance with the requirements of a decentralised assay
(TAILLEFERT ET AL. 1999, WANG 2000, BUFFLE & HORVAI 2000). In situ and on-site
measurement provides a lot of advantages, such as elimination of the artefacts due
to sample handling (e.g., sampling, transportation, storage, and sample pre-
treatment) (MART 1982), capacities to measure metal speciation, real-time
monitoring, and low cost. (BUFFLE ET AL. 1997).

In this study, the analytical performance of a newly developed iridium-based
ultramicroelectrode array (UMEAs) sensor has been investigated for the
determination of trace concentrations of heavy metals in water. The work consists of
four main parts:

e Characterization of ultramicroelectrode arrays (UMEAS)
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e Evaluation of the analytical performance of UMEAs in the determination of trace
concentrations of heavy metals in agueous solutions
e Optimisation of experimental parameters

e Application of UMEAs in the determination of heavy metals in natural waters

The UMEA chips, fabricated by modern microphotolithography technique were
characterized using surface analysis (SEM, ESEM, and AFM) and electrochemical
methods, like cyclic voltammetry (CV) and chronoamperometry (CA). The aims of
these investigations were to check the quality of fabrication and to get information
about the electrochemical behaviour of the UMEAs. After determining the parameters
for the generation of an optimum mercury film on electrodes, the analytical
performance of UMEAs in the determination of trace concentrations of heavy metals,
such as sensitivity, reproducibility, accuracy, and lifetime were tested. In order to get
successful measurements using the UMEA sensor, instrumental parameters,
experimental conditions, and interferences were examined and optimised. As a novel
analytical approach, the UMEA sensor was tested by determining the trace
concentration of heavy metals in natural water samples and the results were
compared with high resolution inductively coupling plasma mass spectrometry (HR-
ICP-MS). The potential for development of a portable in situ and on-site analytical

system was estimated.

2. Review of research

2.1 Development of microelectrodes

The importance of microelectrodes attracted the attention of electrochemists firstly at
the beginning of 1980s (SwAN 1980, WIGHTMAN 1981). However, the advantageous
properties of microelectrodes have been widely recognized only since the
developments in microelectronic technologies made it possible to reliably measure
very low currents and to construct reproducibly very small electrodes (WIGHTMANN

1988). The exact definition of microelectrodes is ambiguous (AOKI 1993) and it is very
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difficult to give a definition in terms of precise limits of its characteristic dimensions.
Nevertheless, electrodes with dimensions of tens of micrometers or less, down to
submicrometer are often called microelectrodes (STULIK ET AL. 2000). Compared to
conventionally sized electrodes (1-5 mm radius) (BOND 1994) and macroelectrodes
(radius r > 100 pm) (BUFFLE & HORVAI 2000), microelectrodes possess a lot of
attractive features, such as high mass transport, immunity to ohmic drop, reduced
changing current, and small RC constant (PONS & FLEISCHMANN 1987, AOKI 1993,
FLETSCHER 1994, WIGHTMAN 1989, BOND 1994). As a result, microelectrodes have
opened new possibilities in the research fields of electrochemistry, biotechnology,
medicine, and environmental science (CAMMANN ET AL. 1991, HEINZE 1993, JANATA
1992, RYAN ET AL. 1994, WOLLENBERGER ET AL. 1995, ANDERSON & BOWDEN 1996). In
the last two decades, several studies were published dealing with the theory,
fabrication, and application of microelectrodes. Microelectrodes, including single- and
composite microelectrodes, were produced in diverse geometries, with different
electrode materials, and using various fabrication techniques. Due to the very low
current obtained with single microelectrodes (typically in pA to nA range) (FORSTER
1994) and the difficulty in construction of high sensitive instrumentation (FLETCHER &
HORNE 1999), composite microelectrodes (array and ensemble) (TALLMAN &
PETERSEN 1990) have been widely used.

The theory of electrochemical behavior of single microelectrodes is now well
established, with even precise analytical expressions (WIGHTMAN 1989, FLEISCHMANN
ET AL. 1987). However, the theory of composite microelectrodes is still not developed
due to its complexity, especially for ensemble microelectrodes. To some extent, this
makes it difficult to explain some experiment results obtained with microelectrode
arrays. Several models have been established to simulate the mass transport
behavior of array electrodes. The chronoamperometric response of microdisk arrays
was firstly estimated using analytical expressions under simplifying assumptions
(LINDEMANN & LANDSBERG 1971, GUESHI 1978). Later, a digital simulation approach
was proposed using the explicit finite-difference technique (RELLER ET AL. 1982).
However, this model was suitable only for short and long timescales; for intermediate
time the currents obtained were inaccurate. Using the hopscotch algorithm, a digital
simulation of the chronoamperometric response with an empirical analytical formula

was presented with an accuracy better than 2% for hexagonal microdisc arrays with
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inlaid geometry (SHOUP & SzABO 1984). This model has been often applied to check
the amperometric current response of UMEA at intermediate timescales (SEDDON ET
AL. 1994, KOUNAVES ET AL. 1994, TERCIER-WAEBER ET AL. 1999). An analytical
expression was reported for both ordered (square and hexagonal) and random
arrays (SCHARIFKER 1988). Recently, a 3D simulation of the chronoamperometric
response based on finite element resolution for a regular microelectrode array
(BERIET ET AL. 2000), a simulation of cyclic voltammetric response at a regular
microdisc electrode array, (LEE ET AL. 2001), and a simulation model concerning with
the effect of the recess depth of microelectrodes on the current response (CASSIDY ET
AL. 1985, BOND ET AL. 1988, FERRIGNO ET AL. 1997, BARTLETT ET AL. 1998) were
reported, respectively. The fundamental features of mass transport to array
microelectrodes, as well as the conditions and timescales whereby individual
electrodes in an array act independently from each other were described by
SCHARIFKER (1991).

Unlike single microelectrodes, for microelectrode arrays, the geometry of
microelectrodes, i.e. the ratio (w/d) of interelectrode distance or spacing (w) to the
electrode dimension (e.g., electrode diameter, d) have to be considered, in order to
get a collective current response while maintaining the advantageous features of
single microelectrodes. There are several articles which discuss theoretically the
amperometric current response and packing density of microelectrode arrays with
different geometries. It is suggested that arrays with a low packing density (d » 2r, r,
electrode radius) yield the multiple current response of single microelectrodes, while
closely packed arrays (d = 2r) resemble the behavior of macroelectrodes of the same
total area (WEBER 1989, MORF 1996, MORF & Rool 1997, MorF 1997). There is no
consensus about the optimal geometry of composite electrodes. It is reported that the
interelectrode spacing should be at least six electrode diameters (w/d > 6) in order to
avoid the overlapping of the diffusion layers of adjacent microelectrodes (CAUDILL ET
AL. 1982, WEST 1993, NASCHIMENTO ET AL. 1997, BARTLETT & TAYLOR 1998). The
study of SANDISON ET AL. (2002) confirmed that, for microelectrode arrays with the
same w/d, the smaller the individual microelectrode is, the greater is the linear
component of the mixed diffusion layer. A minimum interelectrode spacing of
approximately w/d = 20 is required to ensure fully radial diffusion to microelectrode
arrays with an individual electrode diameter of 5 um (LEE ET AL. 2001). For
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determination of heavy metals in water, Ir-UMEAs were fabricated in
microlithographic technique with w/d ratios of 10 and 30 (d = 5 um, w = 50, 150 um,
separately). The shield effect was found to occur at a w/d ratio of 10 with these chips
(BELMONT ET AL. 1996). For screen-printed carbon microelectrode array with w/d
ratios of 6.7, 13.3, and 20.0 (d = 15 um, w = 100, 200, 300 um, respectively), the
cyclic voltammetric and amperometric experiments showed that the shield effect
occurred at a w/d ratio of 6.7 (SEDDON 1994). Arrays of gold minigrids with ratios of
spacing to width varying from 1.5 to 14.4 revealed a voltammetric behaviour which
ranged from quasi steady state to steady state, suggesting that the ratio of spacing to
width should be equal to or greater than 14, in order to maintain the behaviour of
microelectrodes (Wu 1993). The study of FLETSCHER & HORNE (1999) about random
assemblies of microelectrodes (RAM electrodes, d = 7 um) demonstrated that a ratio
of distance to radius greater than 20 (d/r > 20) is needed for negligible diffusive
interferences. Some more recently developed microelectrode arrays with various

geometries are also described below.

2.2 Applications of microelectrodes in the determination of trace
metals

Coupled with stripping analytical methods and computer-controlled miniaturized
instrumentation, microelectrodes show a great potential in the development of
portable analytical instruments for the determination of trace metals in natural waters
(BRETT 1999, WANG 1999). Thanks to the advantageous features of microelectrodes,
microelectrodes are suitable for in situ and on-site measurement of trace
concentration of heavy metals and difficulties encountered in the stripping analysis
with macroelectrodes can be overcome (VITRE ET AL. 1991). The high mass transport
accrued by radial diffusion of microelectrodes makes the natural convection
(BELMONT-HEBER ET AL. 1998, ADELSALAM ET AL. 2002) less problematic and thus
stirring becomes unnecessary during the preconcentration step (WOJCIECHOWSKI &
BALCERzAK 1990). The small double layer capacitance of microelectrodes resulting
from their small electrode surface area significantly reduces the charging current.
The ratio of faradaic to non-faradaic current is greater and the detection limit is

enhanced (WEHMEYER ET AL. 1985). The small currents generated by microelectrodes
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result in a negligible ohmic drop which allows stripping analysis to be performed also
in high resistive media (HOWELL & WIGHTMAN 1984, DANIELE ET AL. 1989, WONG &
EwING 1990, CiszKOWSKA & STOJEK 1999) or even without the need for supporting
electrolyte, minimizing the chemical contamination. Square wave pulse technique is
commonly applied in stripping analysis due to its high speed and enhanced
sensitivity of measurement (CHRISTIE ET AL. 1977, OSTERYOUNG & OSTERYOUNG 1985,
KOUNAVES ET AL. 1987, WECHTER & OSTERYOUNG 1989BRETT 1999). The use of
square wave technique makes it possible to carry out the trace metal analysis in the
presence of oxygen (KOUNAVES ET AL. 1987, WOJCIECHOWSKI & BALCERzAK 1990,
KOUNAVES & DENG 1993, WANG ET AL. 1993, BRETT ET AL. 1994, PALCHETTI ET AL.
1999). As a result, the deaeration step which has to be used for conventional
macroelectrodes can be obviated.

Lately, diverse sensors have been designed for the trace metal analysis, using either
microlithographically fabricated or screen-printed microelectrode arrays. The
proposed analytical techniques are chiefly based on the principles of stripping
voltammetry (anodic-, cathodic-, and adsorptive voltammetry) and stripping
potentiometry (PSA) (OSTAPCZUK 1993).

2.2.1 Voltammetric sensor

There are several papers which report on the development of mercury-plated iridium-
based microelctrode array sensors for the determination of heavy metals using
square wave anodic stripping voltammetry (SWASV). BELMONT ET AL. (1996) reported
a photolithographically produced iridium-based microelectrode array which integrates
100 microelectrodes with a diameter of 5 um each, and an interelectrode distance of
150 um. The arrays were characterized by cyclic voltammetry, chronoamperometry
(CV), scanning electron microscope (SEM), and atomic force microscope (AFM),
showing a good fabrication quality. A microelectrode array chip could be used for the
operations of deposition/dissolution of mercury film at least 10 times. For a
preconcentration time of 15 min, a detection limit of 50 pM was achieved for trace
metal measurement in synthetic solution. Another Ir based microelectrode array by
FEENEY ET AL. (1998) consists of 25 microdiscs with a diameter of 10 um each and an
interelectrode distance of 100 um. It was tested for the determination of Cd in
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aqueous solutions. Satisfactory analytical results were obtained at concentration
levels of 20 to 100 pg/l Cd. Atomic force microscope (AFM) analysis showed that the
surface of microelectrode array was covered by dirty accumulations after several
measurements, which proved to be mercurous chloride (Hg2Clz) (JAGNER ET AL. 1996,
NOLAN & KOUNAVES 1998, NOLAN & KANAVES 1998, NOLAN & KOUNAVES 1999, NOLAN
& KOUNAVES 2000). An Ir-UMEA chip, consisting of 30 x 30 microdiscs with a
diameter of 5 um each and a spacing of 180 um each other was described by SiLvA
ET AL. (1999). Nearly identical cyclic voltammograms were obtained at scan rates of 5
and 500 mV/s, indicating that the interelectrode distance of 180 um is sufficient large.
The arrays could sustain the operation of mercury film plating/deplating at least 15
times and a detection limit of 0.5 ug/l could be achieved for the determination of Cd
and Pb in synthetic aqueous solutions. A newly formed mercury film was stable in the

measurement of 1 pug/l Cd in 0.01 M KNOs solution for about 5 hours.

In addition to the commonly measured heavy metals (Cu, Pb, Cd, and Zn), there are
also reports on the determination of other elements like As, Ni, Se, Hg, etc., using
microelectrode array. For the on-site analysis of arsenic (As®*) in ground water,
instead of Hg-plated Ir-based microelectrode array, a nafion-coated mercury free Au-
based microelectrode array including 564 microelectrodes with a diameter of 12 um
and a center-to-center spacing of 58 um was used (FEENEY & KOUNAVES 2000,
FEENEY & KOUNAVES 2002). As®* in aqueous solutions was analysed after the
deposition of an As® monolayer by SWASV. A detection limit of 0.05 pg/l As and
precision of 2.5 % (RSD) could be achieved. For the direct determination of Cu and
Hg, a mercury free Ir-based microelectrode array was reported by Nolan & Kounaves
(1999). The determination of selenium (IV) using Au-based microelectrode array was

documented by Tan & Kounaves (1998).

2.2.2 Potentiometric sensor

Potentiometric stripping analysis (PSA) is a good alternative to trace metal analysis
(JAGNER 1983, HANSEN 1991, JAGNER ET AL. 1993) because some of the difficulties
encountered in voltammetric stripping analysis, such as those due to the presence of
organic matter and electroactive compounds, are less problematic (TERCIER & BUFFLE
1990, OsTAPCzUK 1993, DANIELE ET AL. 2000). With a screen-printed carbon
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microelectrode array (EDINBURGH 1992) containing four carbon microdiscs with a
diameter of 15 um each and an average interelectrode distance of 160 um, trace
metals were determined using both square wave voltammetry (SWASV) and
potential stripping analysis (PSA) (WANG 1993). The array revealed non-linear
diffusion behavior in cyclic voltammetric study. The chip showed good analytical
performance at concentration levels of above 25 ug/l by placing a 250ul sample
droplet on the array strip without deaeration and stirring. With the same type of
carbon microelectrode array, a hand-held Pb analyser was designed and constructed
which allows the measurement of Pb concentrations of 20 - 300 pg/l by
potentiometric stripping analysis (YARNIzKY 2000). Using adsorptive potentiometric
stripping analysis (KALVODA 1994, ZUHRI & VOELTER 1998, BRAININA ET AL. 2000), an
Ir-based microelectrode array with 564 individual microelectrodes (10 um in diameter,
68 pum in interelectrode distance) per array was successfully employed for the
determination of trace concentrations of nickel in the presence of dimethylgloxime
complexing agent (DMG). Trace concentrations of Ni could be measured by
accumulating the Ni-DMG complex on the electrode surface under an adsorption
potential of -0.2 V and a time frame of 5 - 30 s. The stable PSA signals and low
detection limit (0.5 pg/l with 30 s adsorption time) indicate the potential of
microelectrode array in determining trace metals which cannot be electrolytically
plated (WANG 1999).

2.2.3 In situ sensor

In situ measurement based on stripping analysis is a very promising approach for the
speciation determination of heavy metals in natural waters, because the artefacts
resulted from sample handling could be significantly minimized (FLORENCE 1986,
BUFFLE 1993, BUFFLE 1997, BUFFLE & HORVAI 2000). Recently, several reports were
published which concerned with the development of in situ sensors using
microelectrodes. A novel gel-integrated Ir-based microelectrode array sensor was
developed for in situ measurements of trace metals (Pb, Cd, and Mn) in lake water
(BELMONT ET AL. 1998, TERCIER-WAEBER ET AL. 1998). The device consists of a grid of
10 x 10 Ir microdisc shaped microelectrodes with a diameter of 5 um each and a
center-to-center spacing of 150 um, which is coated with a 300-600 um thick 1.5%
agarose gel. Because the gel is inert to heavy metals, it was used as a dialysis
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membrane, allowing diffusion of metal ions and small metal complexes, while
hindering colloids and macromolecules to the surface of the array (TERCIER & BUFFLE
1996). Consequently, the array is protected from fouling caused mainly by
suspended matters and organic compounds (HOYER ET AL. 1987, TERCIER & BUFFLE
1993, TERCIER ET AL. 1998). The optimum conditions and characteristics of the gel-
coated array were studied by recording voltammetric signals under different
conditions, such as convection (AMATORE & FOSSET 1992), temperature, pressure,
DOC content, etc.. The good reproducibility of the results and the low detection limit
(50 pM) demonstrate the suitability of the sensor for in situ measurement of trace
metals in natural waters (LAFLEUR ET AL. 1990, BOND 1994, TERCIER-WAEBER &
BUFFLE 1996, TERCIER-WAEBER & BUFFLE 1999, TERCIER-WEBER & BUFFLE 2000,
DANIELE ET AL. 2002, HOWELL ET AL. 2003). A drawback of the membrane is that metal
species diffusing into the gel-layer are not well-defined (dissolved, colloidal,
particulate, etc.), and in situ measurements need to be compared to total analyses of
filtered and unfiltered waters to determine the metal speciation measured by
voltammetry (Tercier et al. 1995, Belmont et al. 1998).

Another Ir-based microelectrode array sensor for in situ screening of heavy metals
(Cu, Pb, Cd, and Zn) in ground water was reported by HERDAN et al. (1998). The
array was manufactured microlithographically, consisting of 20 microdisc shape
microelectrodes (10 pum in diameter and 100 um in spacing). An external miniature
solid-state Ag/AgCl reference electrode was used in the three-electrode configuration
to eliminate leakage of electrolyte (CI') (NOLAN & KOUNAVES 1998, NOLAN & KOUNAVES
1999, NOLAN & KOUNAVES 2000). Without any pre-treatment of the samples, a
reasonable representation of heavy metal concentrations for initial, rapid, and order-
of-magnitude, field screening of heavy metals was provided by the sensor.
Measurements were validated by means of the ASV measurement with laboratory-
based glassy carbon macroelectrode (3 mm in diameter) and ICP-MS analysis. The
inconsistency results were explained to be due to (i) the fouling of electrodes caused
by adsorption of large inorganic colloids and suspended matter onto the electrode
surface (FLORENCE 1986), (ii) the influence of organic surfactants or complexing
agents, (iii) the interference of intermetallic compounds, such as Cu/Zn compounds
(BRETT ET AL. 1996), and (iv) the saturation of Hg-film of microelectrodes by the high

concentrations of heavy metals in the water samples.
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Remote electrochemical sensors for the measurements of trace metals (Cu, Pb, Hg,
Se) in natural waters were reported by WANG ET AL. (1995, 1998) and DANIELE ET AL.
(2000). These analytical devices were based on single gold fiber microelectrodes
(diameter, 100 um) and stripping potentiometry. The studies have shown that the
advantages of using microelectrodes in stripping analysis, such as no necessity of
deoxygenation, of forced convection, and of electrolyte addition are preserved also
by single electrode devices with a relative large dimension (100 um). This special-
designed mercury-free sensor was applied in the determination of trace metals in

both seawater and ground water with low detection limits.

All the microelectrodes reported above have diameters larger than 5 um, i.e., relative
large dimensions. Until now no references were reported on the development of
heavy metal sensors using microelectrodes smaller than 2 um in diameter, though,
theoretically, the advantageous features of microelectrodes becomes more
characteristic, if the dimension of microelectrodes are reduced (e.g., the rate of mass
transport increases as the electrodes size decreases) (WIGHTMAN 1981, PONDS &
FLEISCHMANN 1987, TERCIER & BUFFLE 1993, BUFFLE & HORVAI 2000). This deficiency
may be probably due to the technical difficulty in producing microelectrode array of
very small size and of good quality. In this study, a novel Ir-UMEA was fabricated
microlithographically using the ion-milling technique. The chip consists of 4048 UMEs
with a diameter of 1.8 um each and an interelectrode distance of 25 um disposed in
four separate arrays (XIE ET AL. 2004). In such an array design, one or more elements
of arrays can be used at a given time of measurements, while the remainder can be
used at a later time, increasing thus the lifetime of arrays. In the following a
systematic study of the Ir-UMEAs is presented in the respects of fabrication process,
electrochemical characteristics, analytical performance, and application potential in

natural waters.
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3. Theory

3.1 Electrochemical methods

3.1.1 Electrochemical cell

Electrochemical experiments are usually performed in an electrochemical cell, which
consists mainly of the three electrodes, i.e. the working-, reference-, and counter
electrode (Fig. 1). The working electrode (WE) is the electrode at which the reaction
of interest occurs. In stripping analysis of heavy metals, mercury is still mostly used
as working electrode material, because it has a high hydrogen overvoltage that
greatly extends the cathodic potential window and possesses a highly reproducible,
readily renewable, and smooth surface (HENzE & NEEB 1986). The reference
electrode (RE) provides a known and stable potential, against which the potential of
working electrode is compared. The most common reference electrode systems used
in aqueous solutions are the silver-silver chloride (Ag/AgCl) and the saturated
calomel (Hg/Hg2Cl,) electrode, which have an electrode potential independent of the
composition of electrolyte (KELLNER ET AL. 1998). The counter electrode (CE), also
called auxiliary electrode, is a current-carrying electrode, via which the current is

1 ]

Fig. 1: Electrochemical cell with the working-, reference-, and counter electrode
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measured. Inert conducting materials, such as a platinum wire or a graphite rod are
often used as counter electrodes (WANG 1995). However, for microelectrodes, a
micro flow through cell and a two-electrode configuration can be used due to the

immunity to ohmic drop (FITCH & EVANS 1986).

3.1.2 Stripping analysis

Thanks to the inherent preconcentration step, stripping analysis is an extremely
sensitive electrochemical technique, making it suitable for the determination of trace
elements. In general, stripping analysis includes anodic stripping voltammetry (ASV),
cathodic stripping voltammetry (CSV), adsorptive stripping voltammetry (AdSV), and
potentiometric stripping analysis (PSA) (WANG 2000). Using stripping analysis more
than 30 elements can be successfully measured (Fig. 2) (TERCIER & BUFFLE 1993,

SAMUEL & KOUNAVES 1990, TESSIER & TURNER 1995).

Fig. 2: Elements measured by anodic stripping voltammetry (ASV) and adsorptive cathodic
stripping voltammetry (ACSV): 5, ASV; [ , ACSV; EH , ASV or ACSV (reproduced
from TESSIER & TURNER 1995)

3.1.2.1 Anodic stripping voltammetry (ASV)

The most widely used technique is the anodic stripping voltammetry (ASV) (Fig. 3).

The application of ASV is limited to metals which can be reduced to the metallic state
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at potentials within the stability boundaries of water and mercury (between 0 and —
1.5 V), and which at the same time are soluble in mercury. A group of some 15
metals meets the requirements (VAN DEN BERG 1988). In the first step, metal ions in
samples are preconcentrated on the working electrode as amalgam by cathodic
deposition at a controlled potential and a given time.

M™ + ne”+Hg — M(Hg) (amalgam)

Following this preconcentration step, the amalgamated metals are reoxidized, and
are stripped out of the electrodes by scanning anodically the potential.

M(Hg) — M™ +ne” +Hg (redissolution)

Preconcentration step

6 M™ + ne +Hg — M(Hg) (amalgam)
Eq
o e
Ecg Stripping step
M(Hg) — M™ +ne +Hg
EOCU ______________________
Time
(@)
<
o
5
o
(b) Potential

Fig. 3: Principle of anodic stripping voltammetry (ASV): (a) the potential-time waveform, (b)
the resulting voltammogram. Eg, deposition potential; E%g, standard potential of Cd;
E%., standard potential of Cu; I,, peak current (reproduced from WANG 2000)
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From the peak potentials and the peak currents of the recorded voltammograms, the
trace metals can be measured qualitatively and quantitatively. It should be noted that
stirring (forced convection) and deoxygenation, which have to be used for
macroelectrodes become less important for microelectrodes, particularly by using the
SWASYV approach.

3.1.2.2 Potentiometric stripping analysis (PSA)

Potentiometric stripping analysis (PSA) is another very important electrochemical
approach for trace metal analysis (JAGNER 1982, HANSEN 1991) Similar to anodic
stripping voltammetry (ASV), it consists also of two steps: potentiostatic
preconcentration and stripping. It differs from ASV mainly in the methods used for
stripping (JAGNER 1983). After preconcentration of metal ions on the working
electrode, the potentiostatic control is disconnected (no current passes through the
electrode) and the amalgamated metals are reoxidized by chemical oxidants, such as
Hg?* and O, or by using a constant current. A potential-time stripping curve is
recorded (Fig. 4a). A peak shaped curve (dt/dE vs. E) like that in ASV can be

achieved using modern computer-controlled PSA instrumentation (Fig. 4b).

M™ + ne” +Hg — M(Hg) (amalgam)

M(Hg) + oxidant (or constant current) — M"™ (reoxidation)

Compared to ASV, potential stripping analysis has several advantages, such as less
sensitive to organic compounds, no necessity of deoxygenation, possibility of
performing measurement with a very small volume of sample (KOMORSKY-LOVRIC &
BRANICA 1993, GIL & OSTAPCZUK 1994, SOARES & VASCONCELOS 1995, RISO ET AL.
1997). These features are very advantageous for the development of a portable
heavy metal analyser for field applications or for measurements of samples with
complex matrix, for instance, biological samples (OSTAPCzUK 1993, JAGNER ET AL.
1993).
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Fig. 4: The principle of poteniometric stripping analysis (PSA), (a) original potential-time

stripping curve, (b) differential curve of dt/dE versus potential (reproduced from
JAGNER 1983)

3.1.3 Cyclic voltammetry (CV)

Cyclic voltammetry (CV) is a potential-controlled reversal electrochemical experiment
(CAMMANN 2001). It is performed by imposing a cyclic linear potential sweep, i.e., a
triangular potential waveform on a working electrode in an unstirred solution (Fig.
5a). The resulting plot of current versus potential is termed cyclic voltammogram (Fig.
5b).

Current

Potential

1st cycle 2nd cycle Potential

=

Time

(@) (b)

Fig. 5: Cyclic voltammetric experiment: (a) triangular potential waveforms; (b) cyclic
voltammogram of a reversible reaction. |,;, the cathodic peak current; lp,, anodic
peak current; Ey, the cathodic peak potential; E,,, the anodic peak potential
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Cyclic voltammetry is mainly used for studying dynamic electrochemistry, such as
thermodynamics and kinetics of electron transfer (HEINZE 1984, GOSSER 1993). For a
reversible reaction system and a macroelectrode, the following information can be

obtained from a cyclic voltammogram (Tab. 1) (MONK 2001).

Tab. 1 Cyclic voltammetric behavior of a macroelectrode for a reversible reaction

(i) The cathodic peak current (l,) is equal to the anodic peak current (lpa), i.€., lpc = lpa
(i) The peak potentials (E,c and E,.), are independent of the scan rate (v)

(iii) The formal potential (E°) is centred between Epc and Ega, E°= (Epc + Epa)/2

(iv) The peak current (I,) is proportional to the square root of scan rate (v'?)

(v) The separation between the peak potentials is 59 mV/n for an n-electron couple

The dependence of peak current on the scan rate is given by the Randles-Sevcik
equation (BARD & FAULKNER 2001):

1/2
I, = 0.4463nFA ”—FJ D2 C v
RT

where: n = number of electrons transferred
F = Faraday's constant (96,500 C mol™)
A = electrode area (cm?)
C = concentration (mol cm™)
D = diffusion coefficient (cm?s™)
R = the universal gas constant (8.314 J K mol™)
T = temperature (Kelvin)

For microelectrodes, a sigmoidal cyclic voltammogram is observed at a certain
timescale, because the mass transport is dominated by radial diffusion. In steady
state, a constant current (limiting current) is yielded, which is independent of scan
rates.
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3.1.4 Chronoamperometry (CA)

In chronoammperometric experiment, current is measured as a function of time. It
involves stepping the potential of the working electrode from an initial value E1 where
no electrode reaction occurs, to a potential E, where the electrode reaction is
complete, i.e. the concentration of electroactive species on the electrode surface is
zero (Fig. 6a). For a planar electrode in unstirred solution, if the form of mass

transport is only diffusion, then the current-time dependence is given by the Cottrell
equation (WANG 2000):

nFACD"?

-1/2
l(t)=7'c1/2—t1/2 =kt

The current is proportional to the reciprocal of the square root of time (Fig. 6b). In
contrast, for microelectrodes a time-independent current response is obtained after a

short time of measurement due to the attainment of the steady state.

E2 =
g 5
"E =
g S}
o
o

E4

Time Time

(@) (b)

Fig. 6: Chronoamperometric experiment: (a) potential-time waveform, E;, initial potential, E,,
final potential; (b) the resulting current-time response

3.1.5 Square wave technique

In voltammetry, when a potential is applied to the working electrode, current flows as

a result of faradaic reaction and the charging of double layer capacitance of the
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electrode, including the faradaic current and the non-faradiac current (or the charging
current). The faradaic current results from an oxidation or reduction of electroactive
species, while the charging current does not involve any chemical reaction and is
merely interference for the measurements. In order to reduce the detection limits, the
ratio of faradaic current to charging current has to be increased. For this purpose,
pulse voltammetric techniques, such as normal pulse-, differential pulse-, and square
wave technique are commonly employed. However, the square wave technique
affords more advantages, like high sensitivity, high speed, and no necessity of
deoxygenation (OSTERYOUNG 1985, WOJCIECHOWSKI & BACERZAK 1990). As illustrated
in Figure 7 the technique involves superimposing a symmetrical square wave on a
staircase potential. By sampling the current twice during each square wave cycle,
once at the end of the forward pulse (t1) and once at the end of the reverse pulse (t2),
an enhanced net current is obtained (BUCHBERGER 1998, ALFASSI 1994). Compared
to faradiac current, charging current decays exponentially with the time, which is

A
I=
o
5 Current
O
Current *
sampling 2
A _
t1 ¢
¢ AESW Wave form
s Y ¥
E ESW 4444444444444444444444
(@]
a R .
“— T
|
Time

Fig. 7: Schematic representation of square wave pulse technique. Eg,, the amplitude; AEs,
step potential; t, waveform period; and current measurement times, t; and t
(modified after ALFASSI 1994)
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much quicker, especially for microelectrodes. In this way, a large faradaic current can
be isolated from the charging current of the electrodes, increasing thus the sensitivity

of measurements.

3.2 Theory of microelectrodes
3.2.1 Definition of microelectrodes

Microelectrodes are commonly known also as ultramicroelectrodes. There is no
consistent opinion about its definition. Different conceptions are given here for

reference:

e The term of microelectrode is reserved for electrodes with at least one dimension
not greater than 25 um (WANG 2000).

e It has become practice to use the term UME for disc electrodes with a diameter
smaller than or equal to 20 um (HEINZE 1993).

e Microdisc electrodes are electrodes with a radius not greater than 25 um (BOND
1994).

e Electrodes whose characteristic length is less than 20 um are often called
ultramicroelectrode (AOKI 1993).

e Microelectrodes may be defined as electrodes whose critical dimension is in the
micrometer range (FORSTER 1994).

¢ Microelectrode is an electrode with at least one dimension small enough that its
properties, e.g., mass transport regime, are a function of size. Practically the critical
dimension will generally fall in the range 0.1 to 50 um (MONTENEGRO ET AL. 1991).

e Microelectrode is an electrode in which transport is controlled by diffusion only
and for which R/d « 1 with R = electrode radius and o = diffusion layer thickness
(typical size is less than a few micrometers) (BUFFLE & HORVAI 2000).

e Microelectrode is any electrode whose characteristic dimension is, under the
given experimental conditions, comparable to or smaller than the diffusion layer
thickness. Under these conditions, a steady state or a pseudo steady state is

attained. This is an operational definition of microelectrode (STULIK ET AL. 2000).
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3.2.2 Microelectrode types

In general, microelectrodes can be classified as single microelectrodes and
composite microelectrodes (Fig. 8). For single microelectrodes, there are different
electrode types, such as disc, cylinder, band, ring, sphere, hemisphere, etc.. (PONS &
FLEISCHMANN 1987, MONTENEGRO ET AL. 1991, STOJEK 1991). Most of them are
commonly fabricated by sealing fibers, foils into a non-conducting electrode body
such as glass or epoxy holder (FORSTER 1993). As for composite microelectrodes, it
can be generally divided into array electrodes and ensemble electrodes, depending
on whether the surface of composite electrodes consists of uniform (array) or random
(ensemble) dispersions of a conductor region within a continuous insulating matrix
(TALLMAN 1990). The array electrodes are normally fabricated using
microphotolithography (FIACCABRINO & KOUDELKA-HEP 1997, ANDREWS & HARRIS
1998, Suzuki 2000, DATTA & LANDOLT 2000) and screen-printing (SEDDON ET AL. 1994,
HART & WRING 1997), while the ensemble electrodes are produced by various

©
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Fig. 8: The common types of microelectrodes (a), disc; (b), ring; (c), band; (d), sphere; (f)
hemisphere; (g), square array; (h), hexagonal array; (i), interdigitated microband.
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methods, such as by mixing or pressing a powdered conductor with an insulator
(WEISSHAAR & TALLMAN 1983), by impregnation of a porous conductor with an
insulator (WANG ET AL. 1990), or by embedding carbon fibers in an insulating epoxy
(DEUTSCHER & FLETCHER 1988). However, the commonly used types are array

electrodes with geometries of microdisc and interdigitated microband.

3.2.3 Advantageous properties of microelectrodes

Compared to macroelectrodes, the attractive features of microelectrodes can be
summarized as follows (PONS & FLEISCHMANN 1987, WIGHTMAN 1988, AOKI 1993):

e High mass transport rate (or mass flux) due to radial diffusion

e Rapid attainment of steady state, showing sigmoidal cyclic voltammogram and
limiting current

e (Capability of performing high-speed experiments, because of its significantly
reduced charging current and small RC time constant

e Possibility of measurements in high resistance solutions, due to its extremely
small current (i.e. the immunity to ohmic drop)

e High sensitivity thanks to the improved ratio of faradaic-to-charging current (I¢/lc)
and signal-to-noise ratio (S/N)

¢ Independent of convection

¢ No necessity of deoxygenation

e Increased current response with composite microelectrodes

3.2.3.1 Mass transport
3.2.3.1.1 Microspherical electrodes

For simplifying the studies, a microsperical electrode is considered. A potential step
is applied to a microspherical electrode in a solution which contains only supporting
electrolyte and electroactive species with a concentration C”. The potential is
stepped from a value where no electrode reaction occurs to one where the

electrolysis proceeds at diffusion controlled rate.
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The concentration gradient at the electrode surface is obtained by solving Fick’s
second law in spherical coordinates, i.e.

oc d°c 2D ac
—=D— + ——
ot or? r or

The initial conditionisatt=0andr>rs,c=¢c"

The boundary conditions are fort >0, atr=c,c=c”andatr=r;,c=0

where r is the distance from the centre of the sphere, r is the radius of the sphere, D
is the diffusion coefficient of the electroactive species, and C is the concentration as
a function of distance r, and time, t.

The equation can be solved using Laplace transform techniques and the current

density lq is given as follows:

nFDC~ nFD'?C"

lo = r, + ERE (2)

where n is the number of electrons transferred in the redox reaction, F is Faraday’s
constant.

It can be seen from equation (2) that the current density contains a time-independent
and time-dependent term. For a microelectrode, the response is the sum of a steady
state and a transient component, both of which can be significant. Indeed, depending
on the timescales, three types of diffusion regimes can be distinguished:

(i) Short times

At very short times, the second term of equation (2) will be so large that the first term
can be ignored. The current density is given by the Cottrell equation, which is
proportional to the reciprocal of the square root of time.

nFD"2C~

lg = R (Cottrell equation) (3)
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3. Theory

The thickness of the diffusion layer is much smaller than the electrode radius. The
mass transport process is dominated by linear diffusion as observed with

macroelectrodes.

(il) Long times

At a very long time, the second term of equation (2) can be negligible. The current
density is merely inversely proportional to the radius of the electrode, indicating that
the time-independent steady state current (i.e. limiting current) is attained and the

radial or spherical diffusion prevails.

ly= nFE)C“ ()

(iii) Intermediate times

In the case of the times between the two limits, the full equation (2) must be

considered and the mass transport process is complicated.

3.2.3.1.2 Microdisc electrodes

For microdisc electrodes, it is generally recognized that the current response could
be expressed using a modified equation of microspherical electrodes, despite the
non-uniform flux of electroactive species to the disc surface and the tertiary current
distribution. By the substitution of rs = ma/4, where a is the radius of the disc
(KAKIHANA ETAL 1981, AOKI & OSTERYOUNG 1981, OLDHAM 1981), the space averaged

current density is given by

_ 4nFDC™  nFD'?*C"
T w  alae

()

lg

At short times the current density can be expressed as

nFD' 2C~
4= T )
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and at long times

_ 4nFDC”
T na

(7)

lg

Equation (7) is also defined as steady state current density for microdisc electrodes.
The steady state current (iss) is the product of the current density Iy and the microdisc

area, ma®
i = 4nFDC"a (8)

For microdisc array electrodes with the number of individual electrodes of m, the
steady state current is theoretically the sum of the currents of individual electrodes
provided the interelectrode distance is sufficient large and no shield effect is

observed.

lss = 4mnFDC™a (limiting current) 9)

3.2.3.2 Reduced charging current

When an electrode is placed in an electrolytic solution, a double layer is formed at
the interface. The electrical double layer resembles an ordinary capacitor. When the
applied potential is changed, a current must flow to charge or discharge the double-
layer capacitance. It is known as charging current (non-faradaic current), which is
additive to the faradaic current and distorts the experimental data in the electron
transfer process. For a potential step AE, the charging current i; decreases
exponentially with time at a rate dictated by the cell time constant (RC) (WIGHT MAN
1981, WANG 2000).

e = A—Eexp(_—tJ (9)

where R is the cell resistance, C is the capacitance of the electrode, t is the time.
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In an electrochemical cell, the resistance depends on the specific conductance of

medium «, and the electrode radius rs (NEWMAN 1970).

R= 1
47Kr,

It shows that cell resistance is conversely proportional to the electrode radius, i.e.,

Roe —
r

)

Since the capacitance of the microelectrode is proportional to the electrode area,

C o< 12

Thus, RC « 1 ers? o< I
r

)

Therefore, RC decreases with decreasing electrode radius rs and the charging

current becomes less at all times.

3.2.3.3 Ohmic effect

When currents flow through a solution, they generate a potential that acts to weaken
the applied potential on working electrodes by an amount of iR (where i is the total
current, and R is the cell resistance). This can lead to severe distortions of
experimental responses (ohmic effect). For conventional electrodes, the iR drop is
usually minimized by electronic compensation. In contrast, the ohmic effect is
significantly reduced with microelectrodes, because the faradaic currents become
extremely small. As a result, electrochemical experiments could be performed in high
resistive media using microelectrodes (BOND 1994, RYAN ET AL. 1994).

At short experimental timescales and in non-steady state conditions, where linear
diffusion is dominant, the current is proportional to the electrode area (rs?),

i x TchZ x< r52
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While the cell resistance is given as

1 Orl:{cxl

AN r

R-=

S

Therefore,

. 1
IR x< r32 o — XX rs
r

S

The iR drop decreases with decreasing the radius of microelectrode. On the other
hand, in steady state conditions at long experimental timescales, the current
response depends only on the radius, making the iR drop independent of the
dimension of microelectrodes (BRUCKENSTEIN 1987).

4. Fabrication of ultramicroelectrode arrays

4.1 Introduction

Due to the rapid development of silicon technology and microelectronics,
microelectrodes can be nowadays successfully fabricated using thick-film (screen-
printing) (WRING & HART 1992, SEDDON ET AL. 1993, HART & WRING 1997) and thin-
film (photolithography) techniques (FIACCABRINO & HOUDLKA-HEP 1998, Suzuki 2000)
in mass production, with well-defined and reproducible geometries, and at low costs
(PALCHETTI ET AL. 2001). Thick film technology is called screen-printing technology,
since the conventional screen-printing method is employed for the film deposition.
The equipments needed in this technique are not complex and the microelectrodes
produced in this method are inexpensive, being disposable after the measurement
(i.e., single use). In contrast, thin film technology uses the modern but more
expensive microlithographic technique, which is more expensive in the fabrication of
microelectrode devices. Electrode structures as small as 0.5 um can be fabricated
using thin film technology (WANG ET AL. 1999), while only relative large structures,

can be produced using screen-printing method, with characteristic feature size of >
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4. Fabrication of Ultramicroelectrode Arrays

50 um (PRUDENZzIATI 1994). The commonly used electrode materials are noble metals
(e.g., Ir, Pt, Au), and carbon (FIACCABRINO & KOUDLKA-HEP 1997). However, for the
mercury electrodes used in stripping analysis, it was found that Ir is the most suitable
substrate, owing to its advantageous properties, such as low solubility in mercury
(<10 wt.%), no formation of intermetallic compounds with mercury and metal ions,
good wettability by mercury, and high resistance to oxidation (KOUNAVES & BUFFLE
1986, GUMINSKI & GALUS 1986, KOUNAVES & BUFFLE 1987, SAMUEL & KOUNAVES 1991,
KHAKANI ET AL. 1998). Incidentally, it should be mentioned that using thin-film and
micromachining technologies, it is nowadays even possible to fabricate complete
analytical microsystems on a chip (lab-on-a-chip), including fluid-handling silicon
microstructures, on-chip three-electrode system, integrated potentiostat etc., which is
very advantageous for in situ on-site analysis of heavy metals (REAY ET AL. 1996,
HASWELL 1997, GUENAT ET AL. 1999, WANG ET AL. 1999, CAI ET AL. 2000, SCHULTZE &
BRESSEL 2001).

In this study, three different UMEA chips (Ir/Pt, Pt, and Ir) with disc shaped
electrodes of 0.75, 0.9, and 1.0 um in radius, respectively, were tested. The chips
were fabricated at ISIT using the lift-off and ion-milling of thin film technologies (UHLIG
ETAL. 1995, UHLIG ET AL. 1997).

4.2. Fabrication of UMEAs
4.2.1 Design

On a silicon chip with a size of 6.4 mm x 5.0 mm four separate electrode arrays
(working electrodes), two connected counter electrodes, and a small optional
electrode are arranged (Fig. 9). Each array consists of 46 x 22 = 1012 disc shaped
microelectrodes with an interelectrode distance of 25 um. Three different chip
varieties were designed with disc diameters of 1.5 pm, 1.8 um, and 2.0 um, which

correspond to electrode areas of 1788, 2575, and 3179 um? per array.
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4. Fabrication of Ultramicroelectrode Arrays

3 4

Fig. 9: Scheme of the ultramicroelectrode array (UMEASs) chip: 1 — microelectrode array,
2 — auxiliary electrode, 3 — contact pad, 4 — SEM picture

4.2.2 Processing

Figure 10 shows the process flow of the two alternative methods used in the
fabrication of UMEAs at ISIT. As an insulating basis for the electrodes, thermal oxide
(650 nm thick) was firstly grown on 6-inch silicon wafers. After that the electrodes are
structured on the wafers by two different methods, i.e. lift-off and ion milling,

depending on the type and thickness of the noble metal.

Figure 10a shows the lift off process. After a standard photolithography, titanium (20
nm thick) serving as adhesion layer is firstly evaporated, then the electrode layer
(120 nm Pt or 70 nm Pt and 50 nm Ir) and connector layer are built. After a standard
photolithography, the lift-off process was carried out in a special solvent (EKC) at a
temperature of 85°C supported by ultrasonic bath, in order to remove the unexposed
resist together with the unnecessary metal.
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Si wafer with 650nm Oxide
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Fig. 10: Schematic process flow of the two alternative methods used in UMEA fabrication:
(a) lift-off process, (b) ion-milling process

Since it is difficult to generate a thick iridium layer using the lift-off technique due to
the hard and brittle property of iridium, in the second attempt (Fig. 10b) the ion-milling
method was employed. The metal stack with 20 nm titanium and 200 nm iridium was
firstly evaporated on the whole surface of the wafers; then, after a standard
photolithography, the metal was structured by ion-milling, removing completely the

metal between electrodes, pads and other structures.

After the metal stack was structured, the surface was covered by a passivation layer
(500 nm silicon oxi-nitride), which is grown by plasma-enhanced chemical vapour
deposition (PECVD-SiO«Ny). The areas acting as working electrodes, auxiliary
electrode, and connection pads were defined photolithographically and opened by

dry etching. After some cleaning steps the chips are separated by sawing.
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6. Analytical Performance of Ultramicroelectrode Arrays

4.2.3 Assembly and packaging

The chips are mounted and bonded on printed circuit boards, which are electrically
connected by inserting them in a commercially available 1/20-inch plug unit. The

connection between chip and board is done by wire bonding using aluminum wires.

B

BT

Fig. 11: Assembled and packaged UMEA chip: 1 — UMEA chip, 2 — printed circuit board,
3 —bond wires, 4 — flow through cell, 5 — stainless steel tubes for fluidic connection

The bond wires have been encapsulated in silicone. A flow through cell with a cavity
of approximate 2-3 pl above the electrodes was sealed by means of an O-ring to the
surface of the chip (Fig. 11). Two stainless steel tubes of the flow cell served as
fluidic connectors to a peristaltic pump. The flow cell was constructed in a manner to
allow replacing and multiple-use of UMEA chips.

5. Characterization of ultramicroelectrode arrays

5.1 Introduction

One of the most important goals in using microelectrode arrays is to increase the

levels of measurement currents while maintaining at the same time the
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advantageous features of single microelectrodes. The significantly high collective
currents obtained by using microelectrode arrays overcome the instrumental
difficulties of measuring extremely small currents of single microelectrodes (CAUDILL
ETAL. 1982, CAMMANN ET AL. 1991, MEYER ET AL. 1995). However, the condition is that
the microelectrode arrays have an adequate design and are of good quality, including
a sufficient interelectrode distance to avoid the shield effect due to the overlapping of
diffusion layers (JU ET AL. 1992), without residues of the photoresists on electrodes, a
good adhesion between the different layers, well isolated individual electrodes, etc.
(FEENEY ET AL. 1997, FEENEY & KOUNAVES 2000). If microelectrode arrays are not
properly developed, they will lose the advantageous properties, and will show the
characteristic of macro- or quasi-microelectrodes. In order to check the quality of the
UMEAs, several methods were used in this study.

5.2 Materials and methods

5.2.1 Apparatus and reagents

All electrochemical experiments were performed with an Autolab PGSTAT 10
potentiostat (Eco Chemie, Netherlands) in combination with the GPES software
(Version 4.7) and a personal computer. A three-electrode configuration was realized
by means of a micro-flow-through cell, UMEA-working electrodes, an external 16-702
micro-flow-through Ag/AgCl (3 M KCI) reference electrode (Microelectrodes, INC,
USA), and an internal (on chip) iridium sheet counter electrode, or if necessary, an
external stainless steel tube counter electrode. The micro-flow-through Ag/AgCl
reference electrode is composed of an internal silver-silver chloride electrode with an
internal filling solution of 3 M KCI saturated with AgCl. Compared to conventional
reference electrodes, micro-flow-through reference electrodes are very small in size
and can be used in a flow through mode during the experiment. A peristaltic pump
MS Reglo (Ismatec, Switzerland), equipped with Tygon tubing was used for
propulsion of the solution to the micro-flow-through cell. Images of the UMEAs were
taken with CAMECA S 50 (France) scanning electron microscope (SEM) and Philips
XL 30 FEG environmental scanning electron microscope (ESEM). Surface

morphology of microelectrode was recorded using atomic force microscope (AFM)
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(Dimension 3100, Digital Instruments, USA) with NanoScope IV Control software.
Pictures of mercury film were taken by means of optical microscope (Zeiss,
Germany) with digital image analyser (DIANA) software and Sanyo colour CCD
digital camera. For cyclic voltammetry (CV) and chronoamperometry (CA), a solution
composed of 6mM potassium hexacyanoferrate (lll) (KsFe(CN)e) (Merk, analytical
grade) in 1 M potassium nitrate (Merk, analytical grade) was used. Milli-Q water was

used for the preparation of all solutions.

5.2.2 Methods used for characterization of the UMEAs

The UMEA chips were characterized by surface analysis and electrochemical
methods. Prior to each electrochemical experiment, the quality of the chip was
investigated with respect to morphology, surface structure, and chemical composition
by means of optical microscope; followed by scanning electron microscope (SEM),
environmental scanning electron microscope (ESEM), and atomic force microscope
(AFM). The advantage of ESEM lies in the possibility of examining electrode surface
without coating with carbon or gold, which would preclude the further use of the chips
in the electrochemical experiments. Before use, the chip was firstly conditioned by
cycling the potential several times in the range of -0.6 and 1.3 V at a sweep rate of
10 mV/s in a 0.8 N H>SOy4 solution using cyclic voltammetry. Afterwards, the chip was
characterized by cyclic voltammetry in the potential range of +0.9 and -0.3 V using
different sweep rates, and finally, by chronoamperometry at -0.6 V in a 6 mM
KsFe(CN)s /1 M KNQOg3 solution. The experimental set up is schematically illustrated in
figure 12. Experimental solutions were pumped through the micro-flow-through cell
mounted on the electrode surface of the UMEA chip, through the external counter
electrode, the micro-flow-through reference electrode, and then to waste.
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i

Sample Micro-Flow-Through ~ Ultramicroelectrode Arrays
Cell with UMEAs (UMEAs)

Fig. 12: Experimental set up

5.3 Results and discussion

5.3.1 Structure of the Ir-UMEAs

The microstructure of UMEAs obtained as revealed by SEM and AFM is shown in
figures 13a ~ f. A very regular arrangement of arrays and electrodes are shown in
figures 13a and 13b. The diameter (d) was measured to be 1.825 um and 1.762 pm,
respectively; and the interelectrode distance of UMEs (w) was measured to be 25.45
um and 24.56 um, respectively, which are in very good agreement with data given by
the fabrication (d = 1.80 uym and w = 25.00 um) (Fig. 13c and 13d). A three
dimensional image of the UME is shown in figures 13e and 13f. Instead of an inlaid
electrode, the picture in figure 13e reveals a recessed electrode with a depth of L =
0.2 um. The morphology of UMEs was analyzed by AFM. The roughness index of the
UME was found to be 1.0 £ 0.2 nm, which indicates a relative smooth surface (Fig.
13f). This manifests that the iridium layer used as electrode material was well
evaporated during the fabrication of the UMEAs, which is considered to be an
important parameter for the voltammetric measurements (STUKIK 1992).
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Fig. 13: SEM and AFM images of UMEA, (a) magnification of 300 X, (b) magnification of

1300 X, (c) diameter of UME, (d) interelectrode distance, (e) recess depth, (f)
surface roughness of UME

35



6. Analytical Performance of Ultramicroelectrode Arrays

5.3.2 Surface analysis

Figures 14a and 14b show two examples of ESEM pictures of iridium UMEs. Very
regular disc shaped electrodes with well-defined areas and sharp edges are
observed, which are typical features for the microdisc geometry. The surfaces of the
UMEs are totally free of photoresist deposition or passivation layer. However, at large
magnification (40,000 X), fine cracks could be found on the surfaces of all UMEs,
which may be due to the difficulty in generating a thick Ir film of iridium during the
fabrication process (WANG ET AL. 2000). Because iridium is a very hard and brittle
noble metal (KHAKANI ET AL. 1997, WECHTER & OSTERYOUNG 1990), it is difficult to be
used to generate a electrode layer thicker than 200 nm, even by means of ion-milling
technique (FIACCABRINO & KOUDLKA-HEP 1997). Nevertheless, it was found that such

slight cracks have no influence on the electrochemical experiments.

AccV Spot Magn  DetwWD Exp —

AccV SpotMagn Det WB. _Exp H———=1 500nm ! =
20.0KkV 3.0 40000x GSE 108wl 05 Tormgb/300702 Ir2/8

200kV 3.0 40000x GSE 101 1 05 Tom gb/300702 Ir1}10

(a) (b)
Fig. 14: ESEM pictures of Ir UMEs

Figures 15a and 15b indicate ESEM pictures of Ir/Pt-UMEs. In contrast to the Ir
UMEs, residues of photoresist or passivation layer could be frequently found on the
surface of the Ir/Pt-UMEs, indicating that cleaning was incomplete during the chip
fabrication. As shown in SEM pictures in figures 15¢ and 15d, the surface of the Ir/Pt-
UMEs may be almost completely covered by isolator materials, probably blocking the
UMEs and preventing them to work properly, although this seldom occurs. However,
a mixture of concentrated H.SO4 and 10% H>O. proves to effectively remove the
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residues and to clean the Ir/Pt chip, as it was confirmed by cyclic voltammetry during

the characterization of the chip.
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Fig. 15: ESEM and SEM pictures of Ir/Pt UMEs

As shown in the ESEM pictures in figure 16, the electrode surfaces of Pt-UMEA chips
have grainy texture. Although the ESEM pictures do not reveal fabrication failure,
electrochemical experiments such as cyclic voltammetry could not be carried out,
which suggest that Pt-chips are of a poor quality. However, the exact reason is not
clear and further investigation is necessary in this respect. Indeed, the disadvantages
of Pt-based Hg-plated microelectrode sensor for the measurement of trace metal
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concentrations, such as the relative large solubility of Pt in Hg (GUMINSKI & GALUS
1986, KOUNVES & BUFFLE 1986 KOUNVES & BUFFLE 1987), the formation of
intermetallic compounds with Cd and Zn (e.g., Pt-Cd and Pt-Zn) (KOUNAVES & BUFFLE
1986, BALDO ET AL. 1995,) is well known. Therefore, the fabrication of Pt-based

UMEA sensor is less important.
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Fig. 16: ESEM pictures of Pt-UMEs

5.3.3 Electrochemical behavior

Cyclic voltammetry (CV) and chronoamperometry (CA) are the commonly used

methods for the characterization of microelectrode arrays.

The cyclic voltammetric behavior of individual microelectrodes is well known, i.e., at
slow scan rates, the shape of the cyclic voltammogram is sigmoidal (WIGHTMAN 1981,
HEINZE 1981, WIGHTMAN 1988), indicating that the steady state (BOND ET AL. 1989,
Z0SKI 1990, Zoski & BOND 1990) is attained due to the radial diffusion and high mass
transport rates of microelectrodes; whereas at high scan rates, a peak shaped cyclic
voltammogram results (HEINZ 1993, CHING ET AL. 1994, BUCHBERGER 1998). However,
the electrochemical behavior of microelectrode arrays is more complicated.

Depending on the way the microelectrodes are arranged in arrays (geometry) or on
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the scan rates of experiments (timescales), the same array may exhibit the cyclic

voltammetric behavior of micro-, quasi micro-, or macroelectrodes.

For a given experimental timescale, the arrangement of microelectrodes (geometry)
plays a decisive role in the electrochemical behavior of microelectrode array. For a
loosely packed array with a sufficient large spacing between electrodes, it generates
a multiple current response of individual electrodes, retaining all of the advantageous
properties of microelectrodes, such as high mass transport of radial diffusion and
steady state behavior (MORF & RoolJ 1997, MORF 1997). A sigmoidal shaped cyclic
votammogram will arise. In contrast, for high densely packed microelectrode array,
the diffusion layers of individual electrodes will totally overlap, and the array shows a
cyclic behavior of macroelectrodes, for instance, a peak shaped cyclic
voltammogram. As for microelectrode array with a moderate packed density, the
diffusion layers of individual electrodes will partially overlap, leading to a mixed mass
transport regime (Lee et al. 2001). As a result, the array will possess a peculiar
electrochemical feature (ZHANG 2000). Actually, the optimisation of microelectrode
array is to find a geometry, which tends towards unity so that the array behaves as a
set of independent microelectrodes, but for which the number of microelectrodes per
unit area is as large as possible in order to increase the current signal (SEDDON ET AL.
1994).

The timescale or scan rate is a very important factor for the electrochemical behavior
of microelectrode array with a definite geometry. Particularly, interactions among the
diffusional fields of adjacent microelectrodes have to be considered. Generally, three
different cases can be distinguished (Fig. 17) (RELLER ET AL. 1984, PENNER & MARTIN
1987, CHENG & MARTIN 1988) At very short times or very high scan rates, linear
diffusion dominates within individual electrodes and a broad peak shaped cyclic
voltammogram curve results, indicative of the Cottrel state (BARD & FAULKNER 1980).
Similar effect is also observed at very long times or very slow scan rates, when linear
diffusion is restored due to the overlap of the diffusion layers of individual electrodes.
The main difference is that at short times the linear diffusion involves only the
electrically active area of microelectrode array (PENNER & MARTIN 1987) and
consequently the current is proportional to the area of electrodes; whereas at long
times, the linear diffusion concerns with the total geometric area of the
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microelectrode array and the current is proportional to the total area of array (CHENG

& MARTIN, AMATORE 1995). In both cases, the current is inversely proportional to the
square root of time ().

nFDCA,,
(nDt)"?

(at very short times)

— nFDC(AeI + Ainsul)

= at very long times
(D)2 ( y long )

Where Aq, the area of the electrodes (active area); Ainsu, the nonactive surface area;
n, the number of electrons transferred in a redox reaction; F, the Faraday’s constant;

D and C, the diffusion coefficient and the concentration of the electroactive species,
respectively; and t, the experimental time.

(a)

(b)

(c)

Fig. 17: Development of diffusion concentration profiles in microelectrode array and the

corresponding cyclic voltammograms: (a) short times or high scan rates, (b)
intermediate times or scan rates, (c) long times or slow scan rates
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Interestingly, at very long timescales, the signal-to-noise ratio of microelectrode array
is much improved, because the signal is proportional to the whole surface of the
array, while the noise is proportional only to the active area of the array (i.e., the area
of electrodes) (STULIK ET AL. 2000).

As for intermediate times or scan rates, the linear diffusion dominant at short times
transits to radial diffusion (or non linear diffusion), and consequently, a steady state
will be attained, with a characteristic sigmoidal cyclic voltammogram The current is

simply the sum of steady state currents of individual electrodes:
i=issxm=4mnFDCr (at intermediate times)

where igs is the steady state current of an individual microelectrode, r is the radius of

electrode, m is the number of microelectrodes.

In general, the achievement of steady state is very important for microelectrode
array. It depends mainly on three factors: (a) the size of the electrodes; (b) the
duration of the experiment; and (c) the diffusion coefficient of the electroactive
species. In principle, the establishment of steady state requires that Dt/r* » 1 and that
the time is within the order of a few r¥/D (CHING ET AL. 1994, AMATORE 1995). For a
given microelectrode array, the steady state looks like to be sandwiched between two
Cotrellian relaxations (FLETCHER & HORNE 1999), as shown schematically in figure 17.

5.3.3.1 Cyclic voltammetric behavior

In this study, the cyclic voltammetric behavior of various UMEA chips (Ir-, Ir/Pt, and
Pt-UMEA chips) was characterized using cyclic voltammetry (CV).

5.3.3.1.1 Ir UMEAs

The cyclic voltammetric behavior of the newly developed iridium UMEAS is shown in
figure 18. Scan rates of cyclic voltammetry vary from 5 mV/s to 30 V/s.

At slow scan rates or long timescales (e.g., 5 mV/s and 10 mV/s, 20 mV/s, 50 mV)
the UMEAs display a slight peak shaped cyclic voltammogram, which is indicative of
the transition of the mass transport from radial diffusion to linear diffusion (SANDISON
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ET AL. 2002). The slight decrease in measurement currents observed at a scan rate of
5 mV/s provides an evidence of the onset of linear diffusion. However, under such
conditions the steady state component is still dominant (Fig. 18a ~ d).

At intermediate scan rates or moderate timescales (e.g., from 100 mV/s to 1000
mV/s), sigmoidal cyclic voltammograms result, suggesting that the individual diffusion
fields of the electrodes remain isolated within the given timescale, and that steady
state is attained radial diffusion due to radial diffusion (Fig. 18e ~ h). Nearly constant
measurement currents (i.e., limiting currents) are observed, proving that at steady

state the current response is independent of time or scan rate.
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Fig. 18: Cyclic voltammograms obtained with a single Ir-UMEA in a solution of 6 mM
KsFe(CN)s and 1 M NaNQO; in a potential range from 0.9 V to —0.3 V, using different
scan rates (a) 5 mV/s, (b) 10 mV/s, (c) 20 mV/s, (d) 50 mV/s, (e) 100 mV/s, (f) 200
mV/s (g) 500 mV/s, (h) 1000 mV/s, (i) 30 V/s
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At high scan rates or short times (e.g., 30 V/s), the UMEA displays a deformed and
slightly peak shaped cyclic voltammogram, and enhanced measurement current,
showing the transition from radial diffusion to linear diffusion (Fig. 18i).

A typical peak shaped cyclic voltammogram as shown in figure 17 cannot be
obtained at high scan rates or short times. Such a cyclic voltammetric behavior is
most likely the consequence of planar diffusion confined to individual microelectrodes
due to the very small radius of the microelectrodes (0.9 um). The radial diffusion of
microelectrodes is so strong that it is able to keep up with the consumption of
ferricyanide at the electrode surface. It is documented that for very small electrodes a
high scan rate is needed to see any behavior other than the steady state. For
example, for an electrode of 0.5 um in radius, steady state behavior would be hold up
to 10 V/s (diffusion coefficient of electroactive species: D = 10° cm?/s, T = 298 K)
(BARD & FAULKNER 2001). Incidentally, the slightly elevated current at scan rate 30
mV/s may be probably explained by the Randles-Sevcik theory. In a mass transport
regime of typical linear diffusion, for instance, in the case of macroelectrodes or
conventional electrodes, the current response for a reversible chemical process

increases proportionally to the square root of the scan rate (MONK 2001).

5.3.3.1.2 Ir/Pt UMEAs

The cyclic electrochemical behavior of Ir/Pt-UMEA chips is shown in figure 19. For
chip labelled with Ir/Pt 1 the measurement current increases substantially (approx 23
times) after treatment with H.SOy, indicating an effective elimination of isolator
residues (Fig. 19a, 19b). The nearly identical shape of voltammograms obtained
before and after treatment with H.SO, suggests that only a small number of
electrodes were active in the experiment and were well cleaned in the fabrication
process. For chip Ir/Pt 2, without treatment with H,SO4 a deformed voltammogram
with a very small current was recorded, indicating a very poor cleaning during
fabrication (Fig. 19c). After treatment with H,SO4, a cyclic voltammogram was
obtained with a significant improvement in both measurement current and the shape
of curve (Fig. 19d). Moreover, a satisfactory mercury film could be generated,
allowing the measurement of trace concentrations of heavy metals by SWASV.
Consequently, residues of isolator materials (e.g., photoresist, passivation layer) on
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the electrodes of the Ir/Pt chip proved to be less a problem in the electrochemical

experiments.
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Fig. 19: Cyclic voltammograms obtained with an Ir/Pt-UMEA in a solution of 5 mM Ks;Fe(CN)s
and 1 M NaNO; at scan rate 20 mv/s. (a) Ir/Pt 1, before treatment with H,SO,, (b)
Ir/Pt 1, after treatment with H,SO,, (c) Ir/Pt 2, before treatment with H,SO,, (d) Ir/Pt
2, after treatment with H,SO,

5.3.3.1.3 Pt UMEAs

Compared to Ir- and Ir/Pt UMEA chips, Pt UMEA chips show a much poorer cyclic

voltammetric behavior (Fig. 20). There is no improvement in the voltammograms after

the Pt chips were treated with concentrated H>SO., both in curve shapes and in

measurement currents. The use of other chemicals, such as concentrated HNO;,

acetone, etc. showed also to be ineffective, possibly suggesting fabrication failures.
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Fig. 20: Cyclic voltammograms obtained with a Pt-UMEA in a solution of 5 mM K;Fe(CN)g
and 1 M NaNO; at a scan rate of 20 mv/s: (a) before treatment with H,SOy; (b) after
treatment with H,SO,

5.3.3.1.4 Macroelectrodes

For comparison, the cyclic voltammetric behavior of a macroelectrode is shown in
figure 21a. For recording of the cyclic voltammogram, the sheet counter electrode of
the Ir chip (with a total area of 1.5 mm?) was used as working electrode
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Fig. 21: Comparison of cyclic voltammograms obtained with (a) a macroelectrode and an Ir-
UMEA; (b) a single array and four arrays interconnected in a solution of 6 mM
KsFe(CN)s and 1 M NaNO; at a scan rate of 20 mv/s

(macroelectrode), whereas as counter electrode the external stainless steel tube was
used. Unlike UMEAs, the macroelectrode exhibits a classical peak shaped and broad

cyclic voltammogram, with an enhanced measurement current. The different cyclic
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voltammetric characteristics are used to distinguish between macroelectrodes and

microelectrodes.

5.3.8.1.5 Comparison of a single array with all four arrays interconnected

The cyclic voltammetric behavior of a single UMEA and all four UMEAs is compared
in figure 21b. The measurement current using the four UMEAs jointly (3.06 x 10 A)
is roughly 4 times the measurement current obtained with a single UMEA (7.80 x 10”7
A), indicating a multiple current response. The much higher measurement currents
obtained with multiple arrays is very advantageous in electrochemical experiments,
because they allow the use of conventional instrumentation, without the need for

special low-noise amplifiers.

5.3.3.2 Amperometric response

Chronoamperometry (CA) records the change of the measurement current with time.
As discussed before, at sufficient short time as well as long time the microelectrode
array shows Cottrell behavior and the current response is inversely proportional to
the square root of time (t'’%). Between the two limiting cases, microelectrode array
reveals a behavior of steady state or quasi steady state (i.e., a mixed mass transport
regime). Figure 22 shows the current response of a single UMEA in the time frame of
0.001 and 1000 s in a 6 mM KsFe(CN)s /1 M KNO3 solution (the diffusion constant of
KsFe(CN)s is 7.84 x 107 m? s™') and at a potential of =0.6 V. The diagrams indicate
roughly two diffusion states, i.e., Cottrell state, and steady- and quasi-steady state.
The Cottrell state occurs at a very short time of about 0.03 s (Fig. 22a and appendix
4), which is proved by the current decay with the reciprocal of the square root of time
(t"?) (Fig. 22b) (ANDREWS & HARRIS 1998). After approximate 10 s the current falls to
a constant value, suggesting that the steady state was attained (Fig. 22c), which is
time independent and is merely proportional to the radius of the microelectrode and
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Fig. 22: Plots of the chronoamperometric response of Ir-UMEA, (a) current vs. t in 1 s; (b)
in1s;(c)currentvs. tin 10 s; (d) current vs. t in 400 s; (e) current vs.
t in 1000 s; (f) current vs. t"2 from 400 to 1000 s. The experiments were performed

current vs.

in a solution of 6 mM K3;Fe(CN)s and 1 M KNO; at a potential of -600 mV

-1/2
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the concentration of metal ions. The pure steady state is maintained for about 400 s
(Fig. 22d), and then a slightly decrease in current response is observed, revealing the
onset of a linear diffusion component (due to the overlap of the diffusion layers of
adjacent UMEs), and the transition from steady state to quasi steady state. However,
for a time of 1000 s, the second Cottrell state is not attained, which is indicated by the
nearly constant current response (Fig. 22e and appendix 5) and the absence of
Cottrellian current behavior similar to the case at the very beginning of the test (Fig.
22f). If the time gets sufficiently longer, the typical Cottrell behavior will occur again.
It should be noted that the chronoamperometric performance of UMEAs is in good

agreement with their cyclic voltammetric behavior.

5.3.4 Simulation of current response

One of the most commonly used digital simulations for the chronoamperometric
response of microelectrode array is from Shoup and Szabo (1984). According to the
theory, the current response of a hexagonal array of microdisc electrodes with an inlaid

geometry depends on the experimental time and the array geometry as follows:

iinlaid= 4mnFDCrf(1:,9) = ilimitingf(T,e) (1)

where f(1,0) is the function of the experimental time and the geometry of the

microelectrode array.

Vi on(, =® _0.782362(3—29)}
Jz o ~
_{2]_9+0.7823(]—4)02(3—29)} 3Jn 6° -
—exp \/; [14_571—9} @

2
where 1 =4—[2)t, 0= 1—[%j , d is the interelectrode distance
r
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In addition, according to Bond (1988) for recessed microelectrodes with a recess
depth L, the current response of inlaid microelectrodes should be modified as:

. . T
recessed — linlaid [—:l (3)

[
4L + mr

In this study, chronoamperometry was carried out in a 6 mM KsFe(CN)e solution at a
potential of —0.6 V and a experimental time of 400 s. The parameters used are as
follows:

m —the number of electrodes in a single array: 1012

n —the number of electrons exchanged: 1

F — the faradiac constant: 9.6485 x 10* c mol™ i.e., 9.6485 x 10* A. s

D —the diffusion constant of KsFe(CN)s: 7.84 x 107 m?s™

C — the concentration of KsFe(CN)eg, 6 mM, i.e., 6 mol/m®

r — the radius of microelectrodes, 9 x 107 m

d — the interelectrode distance, 2.5 x 10° m

L — the recess depth of microelectrodes, 2 x 107 m

0 — the active fraction of surface area, 0.9948

t—time, 400 s

The comparison of the chronoamperometric results with the digital simulation (Fig. 23
and appendix 6) indicates a large difference in the current response. Compared to
the theoretical values, the experimentally measured currents are much larger and
more stable. It is difficult to give the exact reasons for the difference. Nevertheless,
the following influence factors may be potentially considered: (i) the theoretical
simulation model is not suitable for the UMEAs developed in this study. Theoretically,
a good agreement can only be obtained if the fraction of the active surface area is in
the range of 0.368 < 6 < 0.841, meaning that the model is valid only for very densely
packed microelectrode arrays (SCHARIFKER 1988, BERIET ET AL. 2000). In contrast, the
UMEAs used in this study have a 6 value of 0.9948, indicating a much more loosely
packed geometry. Consequently, the discrepancy between the model and measured
current response is possibly due to the inadequacy of Shoup and Szabo’s empirical

expression for high 6 values, (ii) The high measurement currents may be due to the
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use of a too negative potential (-0.6 V) in chronoamperometry, which would cause
the reduction of other compounds, such as oxygen, adding an auxiliary current to the
measurements. However, by repeating the experiments at a more positive potential
of -0.2 V in deoxygenated solution using conventional electrochemical cell and large
reference electrode, almost no change in current response was observed. In fact,
high and steady measurement currents for long experimental timescales which are
very desirable properties of microelectrode arrays can be only attained for chips with
adequate geometry and good fabrication quality. For simulation of
chronoamperometric response of the UMEAs used in this study, alternative
theoretical models should be considered.
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Fig. 23: Comparison of the experimental current responses with the theoretical values
obtained with the digital simulation of Shoup and Szabo (1984). The experiments
were carried out in a solution of 6 mM KsFe(CN)s and 1 M KNO;. Potential was
stepped from +500 mV to —600 mV for a timescales of 400 s

5.4 Conclusion

Compared to Ir/Pt- and Pt-UMEA chips, the Ir-UMEA chips used in this study show
satisfactory performances in respect of surface quality, cyclic voltammetry, and
choronoamperometry. The SEM and ESEM analysis indicate that the Ir chips are of

good quality (regular discs, well-defined area, no residue of passivation layer or
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photoresist etc.). Instead of broad and planar CV peaks with macroelectrodes,
sigmoidal cyclic voltammograms are observed with the Ir-UMEAs at scan rates
varying from 5 mV/s to 30 V/s, indicative of the properties of microelectrodes. On the
other hand, the slightly peak shaped voltammograms at slow scan rates (e.g., 5
mV/s) point to the characteristics of quasi microelectrode, suggesting that the ratio of
interelectrode distance to diameter of 14 is still not sufficiently large, and that slight
overlap of the diffusion layers (shield effect) begin to appear. Similar features were
observed also by using choronoamperometry. At a timescale of 1000 s, the steady or
quasi-steady state is dominant with the UMEAs, which could be confirmed by the

relative constant current response.

Ideally, microelectrode arrays should not show any overlap of diffusion layers or any
shield effect. Identical sigmoidal cyclic voltammograms for a sufficient long times and
a constant chronoamperometric response (limiting current) at steady state should be
observed. However, in practice, in order to increase the current signal and to reduce
the size of the chip and the cost of fabrication, arrays with a relative high packing
density of microelectrodes are usual, though this is realized at the expense of the
occurrence of the shield effect. To some extent, arrays with some overlap of diffusion
layers can be tolerated, provided the steady state current is not seriously affected. As
a matter of fact, for the design of ultramicroelectrode arrays, perfection is neither
necessary nor expected. The slight loss of independence of microelectrodes should
not be a problem in the SWASV technique, because the experiment is usually
performed under flowing mode (stirring) by pumping. Nevertheless, in principle
microelectrode arrays with a larger interelectrode distance and smaller dimensions
are preferred (WANG 2000).
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6. Analytical performance of ultramicroelectrode
arrays

6.1 Materials and methods

6.1.1 Apparatuses and reagents

Chronocoulometry, square wave anodic stripping voltammetry, and linear sweep
voltammetry were carried out using an Autolab PGSTAT 10 potentiostat (Eco
Chemie, Netherlands). Pictures of mercury film were taken by means of optical
microscope (Zeiss, Germany) equipped with software of digital image analyser
(DIANA) and a Sanyo colour CCD digital camera. Surface morphology of UMEs was
recorded using atomic force microscope (AFM) (Dimension 3100, Digital Instruments,
USA) with NanoScope IV Control software. Energy dispersive X-ray analysis (EDX)
was performed by means of a Camebax S x 50 microprobe (CAMECA, France).
UMEA chips were cleaned in ultrasonic bath (Sonorex, RK 100, Germany). Solutions
of trace concentrations of heavy metals (Cu, Pb, Cd, and Zn) were prepared by 1000
mg/l AAS standards (Alfa, Germany). Mercury film was plated in a solution of 5 x 10
M mercury (ll) nitrate monohydrate (Merk, analytical grade) in 0.1 M nitric acid (Merk,
Suprapur). As supporting electrolyte solution, 0.02 M acetate buffer was prepared
with anhydrous sodium acetate (Merck, 99.99%, Suprapur) and glacial acetic acid
(Merck, 100% Suprapur). Mercury film was oxidized with a solution of 1 M potassium
thiocyanate (Merk, analytical grade). All solutions were prepared with double distilled

or milli-Q water.

6.1.2 Electrochemical methods

After characterization of UMEAs, mercury film was generated using
chronocoulometry under a constant plating potential of -0.3 V in a 5 x 10* M
Hg(NO3)./0.1M HNOj3 solution and its quality was inspected by optical microscope.
The analytical performance of UMEAs was investigated by determination of trace
concentrations of Cu, Pb, Cd, and Zn in 0.02 M acetate buffer solutions using square
wave anodic stripping voltammetry (SWASV). Mercury film was oxidized in a solution
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of 1 M potassium thiocyanate using linear sweep voltammetry in a potential range
from -0.2 V to 0.2 V and with a scan rate of 10 mV/s.

6.2 Results and discussion

6.2.1 Optimum conditions for generating mercury film

Mercury film quality plays an important role in the trace metal measurements using
UMEAs. The prerequisite for successful measurements is an optimum mercury film.
A lot of parameters have influence on the formation of the mercury film, including
plating potential, mercury concentration of plating solution, plating time or charge,
pump rate, electrode material etc.. Under different plating conditions, planar,
hemispherical, or spherical mercury film can be observed. However, considering the
sensitivity of measurement and the stability of mercury film, hemispherical mercury
film proves to be the most suitable form for the stripping voltammetry (Fig. 24).

Hg-hemisphere

—

<+— 500 nm SiN,
4+——20nNm Ti+ 200 nm Ir

<4— 500 nm SiO,/SiN,

<«4— Silicon wafer

Fig. 24: Schematic representation of hemispherical mercury film formed on an Ir
microelectrode

In this study, because of the very small size of UMEs, a less negative plating
potential of -0.3 V, a low mercury concentration of 5 x 10* M Hg(NOs),, and a
pumping rate of 0.33 ml/min was used for plating. Instead of chronoamperometry,
chronocoulometry (charge vs. time) was applied for plating, due to the fact that
charge is a better criterion to define the duration of the plating in getting an optimum
mercury film (SILVA ET AL. 1999). Figures 25a and 25b show the relationship between
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plating times and plating charges using chronocoulometry, demonstrating different
plating rates (mC/s) using the same chip.
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Fig. 25: Plating of mercury film by means of chronocoulometry (a) different plating times and
constant charge (0.27 mC) for chip 1, (b) different charges and constant plating time
(300 s) for chip 2

Experiments show that plating rate decreases after several measurements, which is
possibly as a result of the fouling of the chip. Therefore, Hg film of good quality can
be only achieved, if an optimum plating charge, instead of plating time, was
determined (TERCIER ET AL. 1995). For four arrays, the optimum charge was found to
be in the range of 0.20 ~ 0.30 mC. If the charge was less than 0.20 mC, the
sensitivity of the measurements decreased substantially; if the charge was higher
than 0.30 mC, large Hg drops were formed, which were unstable and tended to
remove from electrodes to the passivation layer. Mercury film quality was examined
by optical microscope during the plating process. As examples, figure 26 shows the
mercury film photos of a chip obtained with optical microscope at different plating

charges.
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(a) (b)
(c) (d)

Fig. 26: Examples of optical microscope photos during the plating of mercury film (a) new
chip, (b) 0.15 mC for a plating time of 159 s, (c) 0.20 mC for a plating time of 260 s,
(d) 0.27 mC for a plating time of 353 s

6.2.2 Analytical performance of UMEAs

After the generation of an optimum Hg film, trace concentrations of Cd, Pb, and Cu,
in synthetic aqueous solutions were determined, using square wave anodic stripping
voltammetry (SWASV). Sensitivity, precision, and accuracy were tested with different
Ir chips and different Hg films.

6.2.2.1 Sensitivity

There are mainly three parameters which significantly influence the measurement
sensitivity: mercury film quality, deposition time, and square wave frequency. For an
optimum Hg film, the sensitivity is proportional to deposition time and frequency
(WANG 1985). In this study, sensitivities as low as 0.25 g/l of Cd and Pb could be
achieved using a deposition time of 360 s and a frequency of 300 Hz, which
corresponds to 175 nA/ug/l for Cd and 205 nA/ug/l for Pb. For the measurement of
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1.00 pg/l Cd and Pb, the deposition time was reduced to 240 s, which corresponds to
108 nA/ug/l and 131 nA/ug/l, respectively (Fig. 27).
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Fig. 27: Typical SWASV voltammograms obtained with an Ir-UMEA chip in a concentration
range of 0.25 - 3.00 pg/l Pb and Cd in a 0.02 M acetate buffer solution (pH = 4.5).
Analytical conditions were: deposition potential, -1.2 V; frequency, 300 Hz;
amplitude, 20 mV; step height, 10 mV. (a) 1.00, 2.00, 3.00 pg/l Pb and Cd,
deposition time, 240s, (b) 0.25, 0.5, 0.75 ug/l Pb and Cd, deposition time, 360 s

6.2.2.2 Precision

Reproducibility was estimated by repetitive measurements of 1.00 ug/l Pb and Cd
synthetic standard solutions. As examples, a summary of the results obtained with
two chips (Ir 24 and Ir 27) is given in table 2 and in appendix 1.

Tab. 2: Repetitive measurements of 1.00 pg/l Cd and Pb in 0.02 M acetate aqueous

solutions

Chip Plating Element  C (ug/l) N X SD RSD (%)
Plating 5 Cd 1.00 28 0.97 0.11 11
Ir 27 Pb 1.00 20 1.06 0.13 13
Plating 9 Cd 1.00 50 0.94 0.11 11
Pb 1.00 50 1.00 0.09 9
Ir 24 Plating 4 Cd 1.00 45 1.00 0.11 11
Pb 1.00 42 1.01 0.12 12

C, concentration; N, number of measurements; X, mean value; SD, standard deviation; RSD
(%), relative standard deviation
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Based on 123 measurements of Cd, a standard deviation of 0.11 was found,
corresponding to a relative standard deviation of 11%; the standard deviations of 112
measurements of Pb for different platings were in the range of 0.09 ~ 0.13,
corresponding to relative standard deviations of 9 ~ 13%. As an example, 50
repetitive measurements were performed using only one mercury film (plating 9 of Ir

27) are schematically presented in figure 28.
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Fig. 28: Repetitive measurements of 1.00 pg/l Cd and Pb in 0.02 M acetate buffer solution
(pH = 4.5), using a single mercury film. The SWASV conditions were: deposition
potential —1.2 V, depostion time 240 s, frequency 300 Hz, amplitude 25 mV, and
step potential 15 mV

6.2.2.3 Accuracy

Accuracy was evaluated by repetitive measurements of the reference sample “Trace
Metals in Drinking Waters” (High Purity Standards, USA) (Tab. 3 and appendix 1).

Tab. 3: Measurements of the certificated reference sample (Trace Metals in Drinking Water,
HPS, USA); dilution factor 10 for Cd and 40 for Pb

Chip Plating Element  C (ug/l) N X SD RSD (%)
Plating 1 Cd 1.00 9 0.94 0.10 10
Ir 29 Pb 1.00 9 0.91 0.12 12
Plating 2 Cd 1.00 5 1.04 0.06 6
Pb 1.00 5 1.09 0.09 9

C, concentration; N, number of measurements; X, mean value; SD, standard deviation; RSD
(%), relative standard deviation
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Concentrations of 1.00 ug/l Cd and Pb were prepared by diluting the standard
(diluting factor 10 and 40, respectively). Based on two different platings, the average
measurement values are within = 6% and *+ 9% of the certified value of Cd and Pb,

respectively.

6.2.2.4 Comparison of measurements with a single array and all four arrays

interconnected

Results of measurements obtained with a single array and with four arrays together
are compared in figure 29. The current intensity measured with four arrays are
approximately four times higher than with a single array, demonstrating a collective
current response of array electrodes. The significantly enhanced current signal is
advantageous for measurements using conventional electrochemical apparatuses,
especially for very low concentration levels of heavy metals (below pg/l). However, it
should be mentioned that the background currents using four interconnected arrays
increase also at the same time in comparison with a single array. This means that by
using four arrays simultaneously the signal to noise ratio is not necessarily improved
and thus the sensitivity is not necessarily increased. Nevertheless, the lifetime of a
chip can be substantially prolonged with the array-design, which is important for the
development of in-situ and on site instrument for the determination of trace

concentrations of heavy metals in natural waters.
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Fig. 29: Comparison of voltammograms obtained with the measurements of 1.00 pg/l Cu, Pb,

and Cd in 0.02 M acetate buffer solutions (pH = 4.5): (a) a single array and all four
arrays together, (b) a single array. The SWASV conditions were: deposition
potential, —1.2 V; depostion time, 180 s; frequency, 300 Hz: amplitude, 25 mV; and
step potential, 15 mV
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6.2.3 Oxidation of mercury film — deplating

After several measurements, the quality of mercury film gets degraded and, the
sensitivity of the SWASV measurements get worse, indicating the necessity of the
generation of a new mercury film. Prior to new plating, rests of old mercury film must
be removed. Generally, two kinds of methods are used for the oxidation of the
mercury film: electrochemical- and chemical methods. By electrochemical method,
the mercury film is oxidized in a solution of 1 M potassium thiocyanate by linear
sweep voltammetry in the potential range of -0.2 ~ 0.2 V (DIEDERICH ET AL. 1994).
The oxidation of mercury is manifested by an oxidation peak occurring at a potential
of about 0 V. Incidentally, the oxidation of mercury film yields a lower charge as
compared to the charge needed for the generation of mercury film (SILVA ET AL. 1999,
BELMONT 1996), which is difficult to explain. As for the chemical method used in this
study, the mercury film is simply oxidized by concentrated acids (e.g., HNO;)
(KOUNAVES ET AL. 1994, SILVA ET AL. 1999), which is however possible only in

laboratory and is not feasible for in situ measurements.

6.2.4 Lifetime of UMEAs

It was found that an Ir-UMEA chip with good quality could sustain the
plating/deplating operation of mercury film at least 10 times, allowing about 500
measurements of trace metal concentrations in synthetic aqueous solutions. After
that it was difficult to get an optimum mercury film. The surface roughness and the
chemical composition of the UMEs were investigated by means of AFM and EDX
analysis, respectively, in order to get an insight into the parameters which influence
the lifetime of the chips.

6.2.4.1 Roughness analysis of UME surfaces

A comparison of the surface roughness of UMEs of a new and a used UMEA chips is
shown in figures 30a and 30b. The roughness index of UME surface obtained with
AFM changes from 1.0 nm of the new chip to 8.3 nm of the used one. This means
that after some time, the surfaces of the electrodes are covered by dirty
accumulations, which could alter the size of UMEs or even block the UME surfaces,
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preventing the UMEs to work properly. The accumulations may be caused by small
particles from flow through cell (e.g., the rubber of O-ring), from pumping tube, or
from by-products of chemical reactions. It was reported that calomel could be formed
in chloride rich media and accumulated on the surface of UMEs. The contamination
of chloride in synthetic solutions resulted mainly from leakage of reference electrode,
or from the use of Cl-containing chemicals like HCIO4, NaCl, HCI etc. (NOLAN &
KOUNAVES 1998). Reactions of the chip compositions (e.g., passivation materials and
photoresist) with chemicals used in experiments or breakdown of KzFe(CN)e during
the cyclic voltammetryic tests may also cause the accumulations of dirt, and
consequently shorten the lifetime of the chip (SCHMITT ET AL. 1999, FASSBENDER ET AL.
2000, SCHMITT ET AL. 2000) .

For cleaning (or activation) of solid electrodes, several methods are suggested,
including mechanical polishing, chemical or electrochemical treatment, and physical
modification by heat, plasma, or laser radiation (STuLIK 1992). However, only
electrochemical and chemical methods are commonly used for microelectrodes,
because the structures of microelectrodes tend to be very thin and are mostly in a
recessed form (WIGHTMAN 1998, WANG ET AL. 1996), making the resurfacing of
microelectrodes by mechanical polishing impossible (FIACCABRINO & KOUDELKA-HEP

(@) (b)

Fig. 30: Comparison of the electrode surface roughness of a new and a used Ir-UMEA chips
by AFM: (a) the new chip with an electrode roughness index of 1.0 nm, (b) the used
chip with an electrode roughness index of 8.3 nm
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1998). In this study, the electrode surface of UMEs was cleaned either
electrochemically by generating hydrogen microbubles at a potential of —1.9 V in a
0.05 M HNOj solution, or chemically by use of concentrated HNO3; and/or HoSO4 or
organic solvents (e.g., CH3COCH3;, CH3OH). Unfortunately, both of the methods
proved to be ineffective. Cleaning in ultrasonic bath has proved to be a very effective
method to get rid of such dirty accumulations. However, an excessive use of
ultrasonic bath may damage the bond wires of chip.

It should be noted that, in order to avoid the formation of calomel, no CI'-containing
solutions were used and the micro-flow-through reference electrode (Ag/AgCl, 3 M
KCI) was placed downstream of the chip in the process flow during the experiments.
By a thorough cleaning of the O-ring and the micro-flow-through cell by means of
ultrasonic bath, the fouling caused by plastic particles could be successfully

eliminated.

6.2.4.2 EDX analysis

An Ir/Pt chip, which stopped to work properly in experiment, was investigated by
means of EDX. The chemical composition spectra of the electrode and passivation
layer are shown in figure. 31. The absence of Ir peak at electrode indicates the

i
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Fig. 31: Comparison of the EDX spectra of a used Ir/Pt chip (a) electrode, and (b) passivation
layer
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removal of Ir from UME (Fig. 31a). In contrast, as shown in figure 31b still a large Ir
peak is observed in the passivation layer. This demonstrates that Ir was worn out
from the exposed UMEs after a long time use of the chip. The exact reason for the
removal of Ir is not clear, but it is possibly due to the poor fabrication quality of the
Ir/Pt chip or to an inappropriate chemical or electrochemical treatment of the chip
during the experiments. However, under almost identical measurement conditions,
such problem did not find with Ir-UMEA chips, demonstrating a good fabrication

quality of the Ir chips.

7. Optimisation of experimental parameters

The coupling of ultramicroelectrode arrays with square wave anodic stripping
voltammetry (SWASV) has been proved to be a promising method for the
determination of trace concentrations of heavy metals in water. However, for a
successful application of this method, a lot of factors have to be considered, including
instrumental parameters, experimental conditions, and interferences. In order to
benefit from the advantages of the square wave technique (SW), parameters such as
frequency, step potential, amplitude, deposition potential, and deposition time were
optimised. Since interferences may become problematic in SWASV measurements,
the influences of the most important parameters, such as dissolved oxygen,
intermetallic compounds, dissolved organic carbon (DOC), and chloride ions, were
investigated. The effects of experimental conditions, like the composition of the
supporting electrolyte, pH value, and medium exchange, etc. were also studied.

7.1 Selection of instrumental parameters
7.1.1 Frequency of SW

The effect of SW frequency on the SWASV measurement is illustrated in figure 32.
The integrated peak current intensity increases proportionally with increasing square
wave frequency up to a value of 400 Hz. For a frequency higher than 400 Hz, the
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peak currents nearly level off (Fig. 32a). The voltammogram in figure 32b shows that
a higher square wave frequency yields a higher sensitivity of the ASV measurement
but at the expense of poorer peak resolution, worse peak baseline, and broader peak
shape. The optimum frequency range is between 200 and 400 Hz, in which an
obvious improvement in both peak current and peak resolution is obtained. In
addition, the voltammograms in figure 32b show also that the peak potentials shift
slightly towards positive values with increasing frequency. Compared to 200 Hz, a

shift of 45 mV in peak potential is observed at a frequency of 700 Hz.
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g. 32: Effect of SW frequency on the SWASV measurement of 1.00 g/l Cd and Pb in a
0.02 M acetate buffer solution (pH = 4.5). Effect on (a) peak current intensity, and (b)
voltammograms. Analytical conditions: deposition potential, -1.2 V; deposition time,
180 s; amplitude, 25 mV; step potential, 15 mV

Fi

7.1.2 Step potential of SW

The effect of SW step potential on the SWASV measurements was studied by
varying the step potential from 5 mV to 30 mV. As shown in figure 33a, an obvious
increase of sensitivity occurs at step potentials lower than 15 mV. In the range of 15

mV and 30 mV, the peak current intensity increased slowly. The examples of
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Fig. 33: Effect of SW step potential on the SWASV measurement of 1.00 pug/l Cd and Pb in
0.02 M acetate buffer solution (pH = 4.5). Effect on (a) peak current intensity, (b)
voltammograms. Analytical conditions: deposition potential, -1.2 V; deposition time,
180 s; square wave frequency, 300 Hz; amplitude, 25 mV

voltammograms in figure 33b show that no improvement in peak resolution and peak
baseline is obtained by changing the step potential. Larger background currents and
a slight shift of the peak potentials towards positive values are observed by
increasing the step potential. The optimum step potentials range from 10 mV to 20
mV.

7.1.3 Amplitude of SW

The effect of SW amplitude on SWASV measurements was examined by varying the
SW amplitude from 10 mV to 40 mV. As shown in figure 34a, a proportional increase
in current response was found in the amplitude range of 10 mV and 25 mV. Figure
34b indicates that with increasing SW amplitude, the baseline of the voltammogram
shifts gradually towards higher currents. No influence was observed on the position
of peak potential and peak resolution, though a smoother baseline was found at
lower SW amplitudes. Considering the sensitivity, the optimum SW amplitudes

should be in the range of 15 mV and 25 mV.
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Fig. 34: Effect of SW amplitude on the SWASV measurement of 1.00 pg/l Cd and Pb in 0.02
M acetate buffer solution (pH = 4.5). Effect on (a) peak current intensity, (b)
voltammograms. Analytical conditions: deposition potential, -1.2 V; deposition time,
180 s; square wave frequency, 300 Hz; step potential, 15 mV

7.1.4 Deposition potential

Because the application of ASV is limited by the reduction of hydrogen ions and the
oxidation of mercury, the deposition potential is usually applied in the range of 0 and
-1.5 V for the determination of heavy metals in aqueous solutions (VAN DEN BERG
1989). In the preconcentration step, the deposition potential is usually 0.3 ~ 0.5 V
more negative than the half-wave potential (E1») of the least reduced metal ions
(WANG 2000). Because the half-wave potentials of Cd and Pb in 0.02 M acetate
buffer solution are approx 0.54 V and 0.39 V (vs. Ag/AgClI reference electrode),
respectively, a potential in the range of -0.8 and -1.4 V was chosen for SWASV
measurement. The effect of deposition potential on the measurements of 1.00 ug/l
Cd and Pb in 0.02 M acetate buffer is shown in figure 35. It can be seen from figure
35a that the peak current increases proportionally with deposition potential until -1.2
V and then nearly levels off. The voltammograms in figure 35b shows that in the
potential range of -1.2 V and -1.4 V the sensitivity of measurement increased
substantially, together with the improvement in the peak shape. Moreover, a very
slight shift of the peak potential towards negative values was observed, if a more
negative deposition potential was applied. Consequently, the selection of a more
negative potential is advantageous, if the interference is not severe during the

SWASV measurement. For simultaneous determination of trace concentrations of Pb
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and Cd in 0.02 M acetate buffer solution (pH = 4.5), the optimum potentials lie in the
range of -1.2Vand -1.4 V.
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Fig. 35: Effect of deposition potential on the SWASV measurement of 1.00 pg/l Cd and Pb in
0.02 M acetate buffer solution (pH = 4.5). Effect on (a) peak current intensity, (b)
voltammograms. Analytical conditions: deposition time, 180 s; square wave
frequency, 300 Hz; amplitude, 25 mV; step potential 15 mV

7.1.5 Deposition time

Deposition time plays a very important role in ASV measurement. The extremely low
detection limits (up to parts per billion) achieved by ASV are attributed mainly to the
long deposition times. The dependence of peak currents on deposition time in the
measurement of 1.00 pug/l Cd and Pb in 0.02 M buffer solution is shown in figure 36.
In the time range of 60 and 360 s, the peak current signals increase almost linearly
with time. However, it is known that too long deposition times may lead to the
overloading (or saturation) of the electrodes with metal ions and to formation of
intermetallic compounds (METROHM 1994, SOTTERY & ANDERSON 1987), especially at
high concentration levels. Therefore, depending on the concentration of metal ions, a
suitable deposition time should be applied. Nevertheless, for the measurement of Cd
and Pb, no such saturation was observed in this study, even at higher concentration
levels (e.g., 10 pug/l) and longer deposition times (300 s).
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Fig. 36: Effect of deposition time on the SWASV measurement of 1.00 ug/| Cd and Pb in 0.02

M acetate buffer solution (pH = 4.5). Effect on (a) peak current intensity, (b)
voltammograms. Analytical conditions: deposition potential, -1.2 V; square wave
frequency, 300 Hz; amplitude, 25 mV; step potential 15 mV

7.2 Selection of experimental conditions
7.2.1 Supporting electrolyte

In order to minimize the ohmic drop effect, an inert supporting electrolyte is needed in
anodic stripping voltammetry. Depending on the application, the electrolyte can be an
inorganic salt (e.g., KCI, KNOs), a mineral acid, (e.g., HCI, HNO3, HCIO,), a buffer
solution (e.g., acetate-, citrate buffer), if pH control is needed, or even a basic
solution. The composition of the supporting electrolyte plays an important role in the
deposition potential applied on the working electrodes, in the position of peak
potential (i.e., selectivity), and the intensity of peak current (i.e., sensitivity). A
suitable electrolyte could lead to the improvement of voltammograms, such as well-
defined peaks, no peak overlapping, smooth peak baselines, etc.. For conventional
electrodes, the concentration of the supporting electrolyte is usually about 0.1 M
(WANG 1985), which is an compromise between high conductivity and minimum
contamination. For microelectrodes, the concentration of electrolyte can be much
lower (e.g., 0.01 M) or even no electrolyte (CiISzZKOWSKA & STOJEK 2000), due to the
immunity of microelectrodes to ohmic drop. Consequently, As a result, the
contamination caused by addition of electrolyte is highly minimized.
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The effects of different electrolytes on the ASV measurement of 1.00 ug/l Cd, Pb,
and Cu in aqueous solution were studied. As electrolytes 0.02 M acetate buffer (pH =
4.5), 0.1 M NaNOgs, 0.02 M acetate buffer+0.05 M NaNO3, and 0.1 M HNO3; were
tested. Figures 37a and 37b show the results of the measurements in 0.02 M acetate
buffer and in 0.1 M NaNO3. Compared to 0.02 M acetate buffer, the peak currents
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Fig. 37: Comparison of the SWASV measurements using different supporting electrolytes. (a)
peak currents of 1.00 pg/l Cd and Pb in 0.02 M acetate buffer (pH = 4.5) and in 0.1 M
NaNQ;, (b) voltammograms of 1.00 ug/| Cd and Pb in 0.02 M acetate buffer (pH =
4.5) and in 0.1 M NaNQs;, (c) voltammograms of 1.00 pg/I Cu, Pb, and Cd in 0.02 M
acetate buffer (pH = 4.5) and in 0.02 M acetate buffer+0.05 M NaNO;, (d)
voltammograms of 1.00 ug/l Cu, Pb, and Cd in 0.02 M acetate buffer (pH = 4.5) and
in 0.1 M HNO;. Analytical conditions: deposition potential, -1.2 V; square wave
frequency, 300 Hz; amplitude, 25 mV; step potential 15 mV
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measured in 0.1 M NaNOj3 are much lower, indicating lower sensitivity. As shown in
the voltammograms, a slight shift of peak potential towards negative values occurs in
0.1 M NaNQOs;, which may be caused by the change of pH.

A comparison of the measurements in 0.02 M acetate buffer (pH = 4.5) and in 0.02 M
acetate buffer + 0.05 M NaNOs is shown in figure 37c. In the 0.02 M acetate buffer +
0.05 M NaNOj solution, no improvement in sensitivity is observed. On the contrary, a
higher background current and a worse peak baseline result. Consequently, for
SWASV measurements using UMEA sensor, it is of no advantage to strengthen the
supporting electrolyte. This proves that microelectrodes can be utilized in solutions
with relative high resistance, in which a larger ohmic drop (iR) will be developed with

conventional electrodes.

Figure 37d shows the SWASV voltammograms of Cu, Pb, and Cd recorded in
solutions of 0.1 M HNO3; and 0.02 M acetate buffer. In both electrolytes, satisfactory
voltammograms were obtained. However, for the measurement in 0.1 M HNOj3
solution, a larger background current is observed, if the deposition potential gets
more negative (e.g., < -1.2 V), due to the reduction of hydrogen ions. The large
background current hampers seriously the determination of trace concentration of Zn.
It should be mentioned that the mercury film got quickly damaged in acidic
electrolyte, which is probably caused by the hydrogen gas bubbles evolved on the
surface of the UMEA chip and by the chemical reaction between mercury and nitric

acid.

In conclusion, 0.02 M acetate buffer (pH = 4.5) prove to be the optimal supporting
electrolyte for the ASV measurement of trace concentrations of heavy metals in
aqueous solutions using UMEA sensor. With this electrolyte, a relative high
sensitivity could be attained and at the same time the mercury film could be used for
a long time. Though at potentials more positive than -1.2 V a 0.01 M HNO3 solution is
also a possible alternative for the measurements, the lifetime of the mercury film gets

substantially shortened.
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7.2.2 pH

The influence of different pH values on the sensitivity of the ASV measurement in
0.02 M acetate buffer is illustrated in figure 38. As shown in figure 38a the peak
heights of 1.00 pg/l Cd and Pb increase as the pH values get higher than 4,
especially for Cd. In contrast, at pH value between 3 and 4, the influence of pH on
the measurement is less evident and the sensitivity is much lower. Therefore, for the
measurement of Cd and Pb, the optimum pH should be higher than 4. The influence
of pH on the SWASV voltammograms is shown in figure 38b. Apart from the peak
current intensity, the influence of pH on the peak potential of Cd and Pb is also
shown. It is evident that the lower the pH values are, the more positive are the peak
potentials of Cd and Pb. In general, for the simultaneous determination of different
heavy metals (e.g., Cu, Pb, Cd, and Zn) in aqueous solutions, too high or too low pH
values should be avoided, because (i) a high pH may cause the precipitation of
heavy metal hydroxides, and (ii) a low pH facilitates the reduction of hydrogen ions to
hydrogen gas, which is disadvantageous for measurements, especially for Zn. In acid
solutions the determination of Zn suffers from the interference of hydrogen wave,
because the reduction potential of Zn at the mercury electrodes is more negative
than, or is equal to the potential of the reduction of hydrogen ions (CROSMUN ET AL.
1975). In principle, the reduction of hydrogen ions in acidic media follows the reaction

is as follows:
2 H+ +2e > Hz

and according to the Nernst equation, the relationship between pH and the reduction

potential of hydrogen ions can be expressed as:
E = E%,w - 0.059 pH

Therefore, one unit change of pH will cause a potential shift of 59 mV. The more
acidic the solution, the more positive is the reduction potential of the hydrogen ions.
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Fig. 38: Influence of pH on the SWASV measurement of 1.00 pg/l Cd and Pb in 0.02 M
acetate buffer solutions. Effect on (a) peak current intensity, (b) voltammograms.
Analytical conditions: deposition potential, -1.2 V; square wave frequency, 300 Hz;
amplitude, 25 mV; step potential 15 mV

7.2.3 Medium exchange

Medium exchange is an effective method for the improvement of the ASV
measurement of heavy metals in complex media (DESLMONI ET AL. 1980, WAHDAT &
NEEB 1987). The method involves the deposition of heavy metals in sample solution,
followed by the striping of heavy metals in a more suitable electrolyte (WANG &
GREENE 1983). By changing to a pure electrolyte, the electrodes are completely
washed, leading to an increase in the selectivity of measurement. Problems (e.g.,
peak overlapping, interferences due to organic matter and dissolved oxygen) could
be substantially reduced (WANG & GREENE 1983, WAHDAT & NEEB 1987).

In this study, the river water samples were not UV-digested and only buffered to a
0.02 M acetate solution. After the deposition step, the stripping of heavy metals was
performed in a pure deaerated 0.02 M acetate buffer solution with a pH value of
approx 4.5. The results of the measurements with and without exchanging electrolyte
are compared in figure 39. An obvious improvement in both the shape of
voltammograms (higher resolution) and the sensitivity of measurements is indicated

after electrolyte exchange.
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Fig. 39: Comparison of SWASV measurements of trace concentrations of heavy metals in
river water with and without electrolyte exchange. Analytical conditions: deposition
potential, -1.4 V; deposition time, 240s; square wave frequency, 300 Hz; amplitude,
25 mV; step potential 15 mV

7.3 Interferences

7.3.1 Dissolved oxygen

It is well known that dissolved oxygen interferes with the analyte signals in ASV using
conventional electrodes, and has to be removed by purging with nitrogen gas prior to
analysis. Depending on the pH value of electrolyte, dissolved oxygen is reduced in
two steps at the half-wave potentials of about 0 V and —0.9 V, respectively (versus
the saturated calomel electrode, SCE) (COLOMBO & VAN DEN BERG 1998).

Step 1

O2 + 2 H" + 2 € — H20, (acidic medium)

O2 +2HxO + 2 e — HxO2 + 2 OH (neutral or basic medium)

Step 2
H-O, + 2 H" + 2 e — 2 H0 (acidic medium)

H,O2 + 2 e — 2 OH™ (neutral or basic medium)

Reduction of oxygen has mainly two effects on the ASV measurement: (i) a large
background current, which significantly disturbs the analyte signal, (ii) the change of
pH in the vicinity of electrode in a neutral or basic medium, which leads to the
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precipitation of heavy metal hydroxides (BARANSKI 1987). The latter effect is easy to
overcome by using a buffer solution as supporting electrolyte. As for the large
background current, although the deoxygenation by purging N is an effective method
in laboratory, it is not suitable for in situ measurement. It was reported that
interferences due to dissolved oxygen can be ignored or much minimized by using
SWASV (WOJCIECHOWSKI & BALCERZAK 1990, BRETT ET AL. 1994, ALFASSI 1994),
because at high square wave frequency, the stripping step is less sensitive to
irreversible processes, such as the reduction of O, (Tercier & Buffle 1993).
Incidentally, compared to SWASV, more severe interferences at the presence of
dissolved oxygen is found with the differential pulse anodic stripping voltammetry
(DPASV), (Wojciechowski & Balcerzak 1990). Thanks to the attractive features of
microelectrodes (e.g., high mass transport rate), the influence of dissolved oxygen in
the determination of trace metals in water is much less extensive and can be ignored
(WANG ET AL. 1993, KOUNAVES & DENG 1993, WANG & TIAN 1992). The coupling of
SWASV with microelectrodes is particularly advantageous for the measurement of
trace concentrations of heavy metals in the presence of dissolved oxygen.

Figure 40a shows the results of ten repetitive measurements of 1.00 ug/l Cd and Pb
in 0.02 M acetate buffer solutions, five with deoxygenation and five without
deoxygenation. Except for a current enhancement observed after deoxygenation, no
significant differences are observed between the measurements with and without
deoxygenation. Figure 40b illustrates another example of simultaneously
determination of 4.00 g/l Zn, 1.00 pg/l Cu, and 0.40 g/l Cd and Pb in 0.02 M
acetate buffer solutions. After deoxygenation the peak baselines of Cd and Pb get
smoother, while those of Zn and Cu remain unchanged. This may be due to the fact
that at very low concentrations (e.g., 0.40 ug/l Cd and Pb) the influence of dissolved
oxygen still has more or less influence on the SWASV measurement. However, at
higher concentrations levels (e.g., 4.00 and 1.00 pg/l Zn and Cu), the influence of
dissolved oxygen can be ignored.
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Fig. 40: Influence of dissolved oxygen on the SWASV measurement of heavy metal
concentrations in 0.02 M acetate buffer solution (pH = 4.5). Effect on (a) peak
current intensity of 1.00 pg/I Cd and Pb, (b) voltammograms of 4.00 ug/l Zn, 1.00
pg/l Cu, and 0.40 pg/l Cd and Pb. Analytical conditions: deposition potential, -1.2 V;
deposition time, 180 s; square wave frequency, 300 Hz; amplitude, 25 mV; step
potential 15 mV

7.3.2 Dissolved organic carbon (DOC)

It is an understood fact that organic matter, such as humic-, fulvic-, and amino acids,
polysaccharides in natural water interferes with the ASV measurement of heavy
metals (GOLIMOWSKI & GOLIMOWSKA 1996). Organic matter acts mostly as complexing
agent and surface-active substance (surfactant). Organic complexation reduces the
reactivity of heavy metals and increases the irreversibility of ASV process, while
surface-active organic substances inhibit the access of heavy metals to the
electrodes by adsorbing on the mercury surface of electrodes (BREZONIK ET AL. 1976,
SAGBERG & LUND 1982, WANG & LUO 1984, BATLEY 1986, VAN DEN BERG 1989). As a
result, the presence of organic matter in samples leads in most cases to the
depression of current intensity, broadening of the peak, and to shift of the peak
potential (WANG 1985). Therefore, prior to the measurement, organic matter has to be
destructed in order to free the organically complexed metals and to eliminate the
interference of organic surfactants. Instead of wet digestion (GORSUCH 1970), UV-
irradiation is commonly used for the breakdown of dissolved organic matter in the

determination of trace concentration of heavy metals in natural water, as the
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chemical contamination is minimized (ACHTERBERG & VAN DEN BERG 1994,
ACHTERBERG ET AL. 2001).

In this study, the dissolved organic matter in the river water samples was digested
using a self-made UV-decomposition apparatus, which is composed of a high-
pressure mercury lamp (UVHQ 125, 125 W, Speciallampen GmbH, Germany), a
silica sample loop (the diameter, 1.0 mm; the length, 0.4 m), and a peristaltic pump.
After adding of 50 pul of 30% H>0,, samples (10 ml for each) were digested in flow
mode with a pumping rate of approx 0.4 ml/min and a digestion time of 120 min. For
comparison, a commercially available UV-digestion device (the 705 UV Digestor,
Metrohm, Switzerland) with a high-pressure mercury lamp (500 W, Efoquarz, Giskon,
Switzerland) was used. With this device ten water samples (10 ml for each) were
digested simultaneously after the addition of 100 ul of 30% H>O. (Suprapur, Merck)
to a 10 ml of sample, using a temperature of 80 °C and a time of 120 min (KOLB ET
AL. 1991).

As an example, figure 41a shows the result obtained with a sample digested using
self-built UV device. A large background current close to the Zn peak is observed,
which is probably caused by the residue of H>O- in solution. Except for the enhanced
Zn peak, no substantial improvement was observed by using the self-made UV-
digestion device, possibly due to the inefficient digestion of the organic matter. There
are a lot of parameters which may influence the efficiency of the UV-digestion,
including the type and power of the mercury lamp, digestion tube (material), oxidant,
digestion time, temperature, etc.. Mercury vapour lamps of various constitutions (low-
, medium-, and high pressure) with different line spectra (200 ~ 435 nm) were utilized
as UV sources (KoLB ET AL. 1992, PISCH ET AL. 1993, YOKOI ET AL. 1999). Low-
pressure mercury lamps have been reported to be more effective in the
decomposition of organic compounds, especially for aromatic compounds, due to
their much higher light intensity at short wavelengths (185 nm and 254 nm) (YOKOI ET
AL. 1995, YOKOI ET AL. 2002). The spectrum line at 185 nm is particularly important in
producing hydroxyl radicals, and thus in decomposing the organic matter (YOKOI ET
AL. 1999). The poor results obtained with the self-made UV digestion device may be
due chiefly to the inadequacy of the mercury lamp used. However, other parameters
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like the transparency of the silica loop to UV-light, the distance between lamp and
silica loop, etc. should be considered, too.

As shown in figure 41b, the results obtained with the digestor from Metrohm were
also not satisfactory. Though the peak current of Pb is much improved and even a
slight Cd peak generates after UV decomposition, apparently, the peak currents and
peak shapes of Zn and Cu got much worse. It seems that UV-digestion is more
efficient for Cd and Pb. It is difficult to give the exact reasons for the ineffective UV-
digestion even with the commercial UV-digestor. However, it is undoubtedly that
H2O- has a large influence on the efficiency of the UV-digestion. The addition of H2O»
increases the digestion efficiency by producing more hydroxyl radicals (HO®), as the
concentration of hydroxyl radicals in solution generated from water may be not
sufficient (SAUR 1992 PISCH ET AL. 1993).

Hz0 + h-v — H+ HO®
H202 +hv—>2 HO.

It was suggested that in order to aid the breakdown of organic matter, a
concentration of 10 mM H>O, should be added to the sample prior to UV-digestion
(ACHTERBERG & BRAUNGARDT 1999). On the other hand, the addition of too much
HoO2> may exert a negative influence on the SWASV measurement of trace metal
concentrations (YOKOI ET AL. 1995, YOKOI ET AL. 1999), especially for water samples
with low DOC contents. Therefore, the amount of H,O, added should be matched
with the DOC content of the sample. If the DOC content in sample is very low, too
much addition of H,O, should be avoided, or if necessary, the addition of HxO: is
even simply avoided (SAUR ET AL. 1980).

Literature data indicate that by using medium exchange and standard addition, the
interference of organic matter on the SWASV analysis of trace metal concentrations
can be minimized (WANG 1985, WAHDAT & NEEB 1987, DANIELE ET AL. 1989, SILVA ET
AL. 2001). In the acidified samples, the organic complexation of metals is reduced to
a large extent (VAN DEN BERG 1989). After filtration and acidification the river water
samples used in this study were directly analysed without UV-digestion, but with
electrolyte exchange. Satisfactory results were obtained, especially for Cd and Pb.
Results indicate that if the DOC content is very low it is possible to determine trace
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concentrations of heavy metals in natural waters without destruction of the dissolved
organic matter. Actually, for the in situ and on site measurement of metal species,

neither UV-digestion nor acidification of samples is allowed.
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Fig. 41: Comparison of SWASV measurement of heavy metal concentrations in river water

samples with and without UV-digestion: (a) self-made UV apparatus, (b) 705 UV-
digestor of Metrohm. Analytical conditions: deposition potential, -1.4 V; deposition
time, 240 s; square wave frequency, 300 Hz; amplitude, 25 mV; step potential 15
mV

7.3.3 Intermetallic compounds

It is reported that Cu-Zn intermetallic compounds (e.g., CuZn, CuZn,, CuZnz) may
interfere with the simultaneously determination of the concentrations of Cu and Zn in
aqueous solutions (SHUMAN & WOODWARD 1976, PICCARDI & UDISTI 1987). During the
stripping step of the ASV, the share of Zn entering the Cu-Zn intermetallic
compounds strips at a potential close to that of Cu, decreasing the peak current of Zn
and increasing the peak current of Cu. Several approaches have been suggested to
eliminate the formation of Cu-Zn compounds, such as standard addition (COPELAND
ET AL. 1974, GERLACH & KoOwALsKl 1982), the addition of a complexing agent
(MARQUES & CHIERICE 1991), and the addition of a third element (WANG ET AL. 1984,
BRETT ET AL. 1996), etc.. Among those the addition of a third element like Gallium
was recommended (NEIMAN ET AL. 1980, WANG ET AL. 1999). Compared to Zn Ga
forms a stronger intermetallic compound with Cu, thus the formation of the Cu-Zn

compounds is suppressed, making it possible to determine the concentrations of Zn
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in the presence of an excess of copper ions. In this study, because the low
concentrations of Cu and Zn in the samples (Zn 4 ~20 pg/l, Cu 0.5 ~ 2.5 ug/l), no
obvious interference of Cu-Zn compounds was observed in the SWASV
measurement by using standard addition. This is in agreement with literature data
that the Cu-Zn interference is less of a problem for samples with low concentrations
of Cu and Zn in natural waters (BELMONT-HEBERT ET AL. 1998, HERDAN ET AL. 1998,
PEIET AL. 2000).

7.3.4 Chloride ions

Chloride ions may influence the ASV measurements of heavy metals due to the
formation of insoluble calomel (Hg-Cl,) on the mercury film electrodes (WU 1994,
JAGNER ET AL. 1996, NOLAN & KOUNAVES 2000).

Hg + Hg® + 2CI" — Hg.Cl;

The effects were also reported with microelectrodes. Because of the accumulation of
HgCl,, the surfaces of microelectrodes become degraded in Cl-rich media and the
lifetime of microelectrodes got shortened (WANG & TIAN 1992, NOLAN & KOUNAVES
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Fig. 42: Comparison of the SWASV measurements of 1.00 pg/l Cd and Pb in Cl-free
solutions and in 3% NCI solutions. Influence on (a) peak current intensities of four
consecutive measurements, (b) voltammograms. Analytical conditions: deposition
potential, -1.2 V; square wave frequency, 300 Hz; amplitude, 25 mV; step potential
15 mV
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1998, NOALN & KOUNAVES 1999). In order to investigate the influence of chloride ions
on the Ir-UMEA chip, the SWASV measurements were carried out in synthetic NaCl
solution (3 wt.%) and in natural seawater, with both of the solutions buffered to 0.02 M

acetate. Figure 42a and 42b show the peak current signals generated in 1.00 pg/l Cd
and Pb of CI'-free 0.02 M acetate buffer solutions and in synthetic NaCl solution (3
wt.%). The higer current intensities measured in the NaCl solution may be due to
higher blank values of chemicals, while the shift of peak potentials to more negative
values is possibly caused by the change of pH or by the complexation of metal ions
in the presence of chloride ions. Peak potential is usually subject to a shift towards
more negative values if the metals are complexed (SKOOG & LEARY 1996). According
to the Nernst equation, the half wave potential depends on the concentration of free
ions in solution. After complexation, the amount of free ions in solution is reduced,

and consequently, the peak potential is more negative.
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Fig. 43: Example of simultaneously SWASV determination of Cu, Pb, Cd, and Zn in seawater

by successive addition of 10 pg/l Zn, 2.5 ug/l Cu, and 0.4 pg/l Cd and Pb in 0.02 M
acetate buffer solutions. Analytical conditions: deposition potential, -1.4 V; deposition
time, 240s; square wave frequency, 300 Hz; amplitude, 25 mV; step potential 15 mV

Seawater samples were successfully measured by means of UMEA sensors using
SWASV method. The voltammograms of measurements are shown in figure 43a and
43Db, indicating well-defined peaks, good peak resolution, smooth baseline, and high
sensitivity. No apparent deterioration of UME surfaces was observed in the Cl-rich
media (synthetic and natural), proving that the UMEA sensor may be successfully

used for the determination of trace metals in seawater. In fact, in this study more
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satisfactory measurement results were obtained in seawater than in river water. This
is in agreement with the literature data, which document the successful application of
both conventional electrodes and microelectrodes in the trace metal analysis of
seawater (GRASSHOFF ET AL. 1999, TERCIER-WAEBER ET AL. 1999, DANIELE ET AL.
1989).

8. Application of ultramicroelectrode array in natural

waters

8.1 Materials and methods

8.1.1 Sampling

The area of investigation is located in the Baden-Wuerttemberg, in the South-West of
Germany. The sampling stations are distributed over the catchment area of the river
Rhine including tributary streams and rivers (Tab. 4). The samples were filtered on
site through 0.45 um acetate membrane filter, preserved at pH < 2 with concentrated
HNOS3 (Suprapur), and stored in refrigerator at approx. 4 °C before laboratory

analyses.

8.1.2. Apparatuses and reagents

The concentrations of heavy metals in river water samples were determined by
means of the Ir-UMEA sensor and high resolution inductively coupled plasma mass
spectrometry (HR-ICP-MS) (VG Axiom, VG Elemental, England), respectively. The
content of dissolved organic carbon (DOC) was measured by means of the DIMA-
TOC 100 Analyser (DIMATEC, Essen, Germany) with potassium hydrogen phthalate
(analytical grade, Merck) as DOC standard. Field parameters like pH, dissolved
oxygen, conductivity, and temperature were measured with a multi-meter (Multi 350i,
WTW, Germany). For the HR-ICP-MS measurements, calibration solutions were
prepared from the ICP-MS multi-element standard (CPI, Amsterdam).
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Tab. 4: Sampling stations, related rivers, and sample numbers

Number Station River

P1 Russheim Pfinz

P2 Russheim Saalbachkanal
P3 Philippsburg Saalbach

P4 Mindung Wagbach

P5 Altussheim Krigbach

P6 Mannheim Rhine

P7 Mannheim Neckar

P8 Riegel Dreisam

P9 Riegel Elz

P10 Vogelgrin Rhine

P11 Breisach Rhine

P12 Jamborschwelle Leopeldskannal
P13 Rust Elz Rust

P14 Nonnenweier Schuttterkanal
P15 Steinmauern Murg

P16 Iffezheim Sandbach
P17 Helmlingen Rench

P18 Kehl Kinzig

P19 Offenburg Kinzig

P 20 Oberkirch Rench

8.1.3 Analytical procedures

Prior to measurement, the concentration levels of heavy metals in water samples
were estimated and determinations in synthetic solutions were performed, in order to
establish suitable SWASV parameters (e.g., deposition time, deposition potential,
etc.) and to determine the appropriate metal concentrations for the standard addition.
The samples were not treated by UV-digestion but were buffered to 0.02 M acetate
solutions (pH = 4.5). After the preconcentation step at a given time (120 ~ 360 s) and
a controlled deposition potential (-1.4 V), electrolyte was exchanged to a pure 0.02 M
acetate buffer solution and the electrodes were washed for about 30 s by maintaining
the same deposition potential. Then, the stripping process was carried out without
equilibration. Between two measurements, a cleaning step was intercalated using

amperometry at a potential of - 0.05 V for 60 s, in order to avoid memory effects. In
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most cases, concentrations of Cu, Pb, Cd, and Zn were simultaneously determined
by standard addition, spiking the samples with 4.00, 8.00 pg/l of Zn, 1.00, 2.00 pg/l of
Cu, and 0.20, 0.40 ug/l of Cd and Pb, respectively. Due to the high concentrations of
Zn and Cu, and the very low concentrations of Pb and Cd, the four elements were
determined separately in some of the samples. Standard addition was preferred as
the sensitivity of the stripping voltammetric analysis may vary between samples with
different ionic strength and containing different concentrations of dissolved organic
matter (ACHTERBERG & BRAUNGARDT 1999). The quantitative evaluation of the trace
metal concentrations in samples is based on the linear correlation between peak
current intensities and concentrations. According to this relationship the
concentrations can be evaluated by the following formula (DONG & KE 2000):

C = Csvshx
o H(Vx +Vs)_hxvx

where Cy, the concentration of heavy metal in sample (ug/l); Cs, the concentration of
heavy metal in the standard solution (ug/l); Vx, the volume of sample (ml); Vs, the
added volume of standard solution (ml); hy, the peak current intensity of sample; H,

the peak current intensity after a successive standard addition.
For comparison and validation, the river water samples were also analysed by

means of HR-ICP-MS, and the total concentrations of trace metals were obtained.

The instrumental and acquisition parameters are listed in Table 5.
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Tab. 5: The measurement parameters of HR-ICP-MS

Instrument

VG Elemental (Axiom)

Forward power

Reflected power

Sampling uptake rate

Scan mode

Torch

Nebulizer

Spray chamber

Temperature of spray chamber

Argon gas flow rates (I/min)

Data acquisition parameters
Acquisition mode

Number of runs

Dwell time

Points per peak width
Sweep

Internal standard

1350 W

<20W

1 ml/min

Magnet scan

Quartz torch (Glass Expansion, Australia)
Type Meinhardt (Glass Expansion, Australia)
Conical impact wall (bead)

10£1°C

Cool gas: 14.2

Auxiliary gas: 0.65

Nebulizer gas: 0.94

Pulse counting
3

25 ms

20

1

103Rh

8.2 Results and discussion

8.2.1 Preliminary tests

Figure 44 shows the results of simultaneously determination of trace meals in 0.02 M
acetate buffer solutions using the Ir-UMEA sensor, with successive addition of 2.00,
4.00, 6.00 pg/l of Zn, 0.50, 1.00, 1.50 pg/l of Cu, and 0.20, 0.40, 0.60 pg/l of Cd and
Pb. Excellent voltammograms are obtained with proportional and well-defined peaks,
and smooth baselines. Shown are also the peak potentials: Zn, -0.99 V, Cd, -0.58 V,
Pb, -0.39 V, and Cu, +0.029 V, which are typical values in a non-complexed medium
(BRENDEL & HOFFSTETTER-KUHN 1996). It can be concluded that (i) the selected
electrochemical parameters, such as deposition time, deposition potential, are
suitable, (i) the supporting electrolyte is adequate for the simultaneously
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determination of Cu, Pb, Cd and Zn, (iii) at the considered concentration levels,
intermetallic interferences (e.g., Cu-Zn compounds) are negligible, (iv) at the
deposition potential of -1.4 V a slight hydrogen peak close to the Zn peak occurs,
which is however less problematic for the measurement. Therefore, it is concluded
that the established measurement conditions can be applied in natural water

samples.

2ppb Zn_0.5ppbCu_0.2ppb Cd, Pb
7.5E-07 1 i — - — -4ppb Zn_1ppbCu_0.4ppbCd, Pb
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Fig. 44: The SWASV voltammograms of Cu, Pb, Cd and Zn obtained in synthetic aqueous
solutions. Measurement conditions: deposition potential, —1.4 V; deposition time,
240 s; frequency, 300 Hz; amplitude, 25 mV; step potential, 15 mV; electrolyte, 0.02
M acetate buffer (pH = 4.5)

8.2.2 Measurement of the river water

As examples the voltammograms obtained with the samples at stations Rust (p13)
and Helmlingen (p17) are shown in figure 45 and figure 46. The well-defined peaks
of Zn, Cu, Pb, and Cd for both of the samples and the proportional increment in peak
currents for sample p17 by successive addition of 4.00, 8.00 pg/l Zn, 1.00, 2.00 g/l
Cu, and 0.2, 0.4 pg/l Cd and Pb (Fig. 45) provide the evidence that the SWASV
measurements were not significantly affected by organic or complexing substances
in acidified samples. However, compared to the measurements in synthetic solutions,
a shift of peak potentials towards more positive values (Zn, -0.88 V, Cd, -0.55 V, Pb,
-0.38 V, and Cu, +0.039 V) was observed for all the four metal ions (especially for Zn

with a shift of 0.11 V). Slight peak broadening was found with Zn, which is probably
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Fig. 45: The SWASV voltammograms of Cu, Pb, Cd, and Zn obtained in the river water
sample of the station Helmlingen (P17). Measurement conditions: deposition
potential, -1.4 V; deposition time, 240 s; frequency, 300 Hz; amplitude, 25 mV; step
potential, 15 mV; electrolyte, 0.02 M acetate buffer (pH = 4.5)
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Fig. 46: The SWASV voltammograms of Cu, Pb, Cd and Zn obtained in the river water

sample of station Mannheim (p18). Measurement conditions are identical to the
figure 45
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caused by the increased irreversibility of the stripping process at the presence of
surface-active substances in the samples (WANG 1985). This indicates that although
the influence of organic matter on the SWASV measurement can be greatly
minimized by means of medium exchange and standard addition (VAN DER BERG
1989), it can still not be ignored, especially for very reproducible measurements of

heavy metals in natural waters.

8.2.3 Comparison with HR-ICP-MS

The concentrations of Cu, Pb, Cd, and Zn measured in the river samples by means
of the Ir-UMEA sensor using SWASV and HR-ICP-MS are listed in appendix 2. In
general, compared to HR-ICP-MS, the measurements with the Ir-UMEA sensor
yielded lower concentrations. This difference can be explained at least in part by the
total different analytical approaches. The HR-ICP-MS analysis provides total metal
concentrations including also metals in complexed form, while the ASV approach
measures in principle merely the concentrations of mobile species (free ions and
small labile complexes), provided the sample is not acidified and the organic matter
in sample is not destructed (BUFFLE ET AL. 1997). It was reported that the dissolved
fraction of trace metals obtained by in-situ ASV measurement accounts for only 10-
30% of the total metal concentrations measured by means of ICP-MS, or by ASV
with UV-digestion (TERCIER-WAEBER ET AL. 1999). Even though several measures
were taken in this study to minimise the influence of organic matter, the
concentrations of trace metals measured by ASV without UV-digestion are in most
cases still lower than those obtained with ICP-MS.

The relative difference between the concentrations measured by HR-ICP-MS and

UMEAs sensor was expressed as:

D [%]= Crce =Cunen y 1009

ICP

D [%], relative difference; Cicp, the concentration measured by HR-ICP-MS; Cyumea,

the concentration measured by the Ir-UMEA sensor.

86



8. Application of Ultramicroelectrode Array in Natural Waters

The best agreement of the two methods was found with Pb. Figure 47a shows the
correlation between the concentrations of Pb obtained with the UMEA sensor and
with HR-ICP-MS. For 60% of the stations, the relative differences lie in the range of
+21.3% ~ -22.8%. For 30% of the stations the relative difference is between +42.5 %
and -32.8 %. In most samples (80%), the concentrations of Pb are less than 0.10
ug/l, and there are only four samples with the heavy metal contents larger than 0.2
ug/l. For such low concentration levels, relative differences of less than 40% are
quite acceptable.

The concentrations of Cd in the river water samples are extremely low and it is

difficult to be accurately determined using both of the methods. The results obtained
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Fig. 47: Correlation between the concentrations of heavy metals measured with the UMEA
sensor and HR-ICP-MS, (a) Pb, (b) Zn, (c) Cu, (d) correlation between DOC
contents and Zn concentrations obtained with HR-ICP-MS
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by means of HR-ICP-MS show that for approx 75% of the samples the
concentrations of Cd are lower than 0.025 ug/l, which is below or near the detection

limit of this element.

The concentrations of Zn determined with the UMEA sensor are generally lower than
the results obtained with HR-ICP-MS. As shown in figure 47b, for only 45% of the
samples, the concentrations of Zn by the UMEA sensor are in good agreement with
those by HR-ICP-MS, with the relative differences of + 11.6%. About 30% of the
samples show the relative differences between +20.4% and +39.2%, indicating a
relative large deviation of the two methods. The relative large differences are found
with four samples (+44.8 ~ +60.7%), with apparently higher concentrations of HR-
ICP-MS.

Concerning Cu, good correlations were found in more than half of the samples
(55%), with relative differences between 1.4% and 20.0%. Relatively low
concentrations were found with five samples, with relative differences in the range of
+34.2% and —37.5%. Extremely high differences were found for four samples, in
which either the ICP-MS results were significantly higher or the measurements were
failed carried out using the UMEA sensor. In order to find the causes of the
inconsistencies of the two methods, apart from trace metals, parameters like
dissolved organic carbon (DOC), pH, dissolved oxygen, conductivity, and
temperature were additionally measured (appendix 3). As an example the effect of
DOC contents on the measurements of heavy metals is given. An obvious positive
correlation between the concentrations of Zn measured by HR-ICP-MS and DOC
contents is shown in figure 47d, with an correlation coefficient of r = 0.73. The
correlation suggests physicochemical interaction between Zn and organic matter in
river water, such as complexation or adsorption, which would inhibit the mobility of
Zn ions. As a result, the measurements of Zn using the UMEA sensor are disturbed
by interferences, which are supported by the evidently low concentrations. In
contrast, no obvious correlation was found between the DOC contents and the Pb
and Cu concentrations (Fig. 47a, 47c). The large differences observed with Cu in
several samples may be due to (i) the ability of Cu to bind strongly with many organic
and inorganic ligands; (ii) the existence of Cu in more than one oxidation state; (iii)
the occurrence of the stripping peak of Cu at a potential where many organic species
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are adsorbed on the mercury electrodes; (iv) the low solubility of Cu in mercury; (v)
intermetallic compounds (e.g., Cu-Zn compound), and (vi) the irreversibility of the Cu
() reduction (BATLEY 1986, HERDAN 1998). The satisfactory results for Pb and Cd
obtained with the UMEA sensor suggest that the presence of organic matter is less
problematic in the SWASV measurements. In fact, compared to Zn and Cu, Pb and
Cd possess a more stable electrochemical behavior in the ASV measurement. For
both of the elements, influences resulted from both hydrogen evolution at more
negative deposition potentials and from the oxidation of mercury at more positive
deposition potentials can be excluded. As for parameters, for instances, pH,
dissolved oxygen, conductivity, and temperature, no correlation was observed with

heavy metals.

8.2.4 Regional distribution of the concentrations of heavy metals

The regional distribution of Cu, Pb, and Zn concentrations in river water is shown in
figures 48, 49, and 50. Besides the distribution of metal concentrations, the figures
allow at the same time a comparison of the trace metal concentrations obtained with
the UMEA sensor and HR-ICP-MS. The size of circles is proportional to the sum of
the square roots of the results obtained with the two methods. Equal segments (red,
ICP-MS; green, UMEA sensor) mean that the results of the two methods are in good

agreement.

For Pb, an anomalously high concentration was found at the station Russheim in
river Pfinz (p 1) (1.01 pg/l, ICP-MS and 0.85 ug/l, the UMEA sensor) (Fig. 48).
Relatively high concentrations were registered at Philippsburg (p3), Russheim in river
Saalbachkanal (p2), and Steinmauern (p15), with an average concentration of 0.32
ug/l (ICP-MS), and 0.26 ug/l (the UMEA sensor), respectively. The slightly elevated
Pb concentrations are found in urban areas, such as Mannheim, Karlsruhe, and
Heidelberg, which may be explained by the increased anthropogenic Pb input.
However, at most of the stations (80%), the Pb concentrations are very low (< 0.10

pg/l).
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Fig. 48: Regional distribution of the Pb concentrations in the investigation area

The regional distribution of Zn concentrations is shown in the figure 49. The highest
concentration was found at the station Jamborschwelle (p12) (23.93 ug/l, ICP-MS;
15.52 pg/l, the UMEA sensor). Increased Zn concentrations were found at the
stations Russheim in the river Pfinz (p1), Nonnenweier (p14), Mannheim (p7),
MUndung (p4), Philippsburg (p3), and Riegel in the river Dreisam (p8) with the
average concentrations of 10.66 g/l (ICP-MS) and 8.67 pg/l (the UMEA sensor),
respectively. At most of the stations (60%) the Zn concentrations are very low with
the average concentrations of 4.56 pg/I (ICP-MS) and 3.43 ug/l (the UMEA sensor),
correspondingly. There are two areas with slightly increased Zn values: one overlaps
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with the area of the higher Pb contents around Karlsruhe, Mannheim, and

Heidelberg; the other one is near Freiburg.

_ S
\ ‘ a// A Stuttgart
1

Fig. 49: Regional distribution of the Zn concentrations in the investigation area

The regional distribution of the Cu concentrations is illustrated in figure 50. The
highest concentrations are located at the stations Mannheim (p7), Nonnenweier
(p14), Jamborschwelle (p12), and Offenburg (p19) with the average concentrations
of 1.96 pg/l (ICP-MS) and 1.82 ug/I (the UMEA sensor), respectively. Slightly lower
concentrations occur at Mannheim (p6), Philippsburg (p3), Helmlingen (p17), and
Oberkirch (p20), with the average Cu concentrations of 1.06 g/l (ICP-MS) and 0.86
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‘ HR-ICP-MS

‘ UMEA Sensor

Fig. 50: Regional distribution of the Cu concentrations in the investigation area

ug/l (the UMEA sensor), respectively. The distribution pattern of Cu is similar to that
of Zn. It should be noted that the highest Cu content of 2.28 ug/I measured with ICP-
MS at Russheim in the river Pfinz (p1) was not measurable with the UMEA sensor.
Similarly, at station Altussheim, none of the four elements could be measured with
the UMEA sensor, which may be due to higher contents of surfactants in the

samples.
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8.3 Conclusion

In general, the determination of heavy metal concentrations in river water samples
using the UMEA sensor yielded relative satisfactory results. Though the organic
matter in samples was not destructed and no deoxygenation was performed, in more
than half of the samples the heavy metal concentrations measured by the UMEA
sensor are in good agreement with those obtained with HR-ICP-MS, with relative
differences less than 20%. This difference is even less significant, if we take into
consideration that the measured concentrations are very low. Compared to Pb and
Cd, a more severe interference of organic matter was observed with Zn and Cu, as
confirmed by the shift of the peak potentials in the voltammograms and by the larger
deviation in the metal concentrations measured using the two methods. However, by
means of medium exchange and standard addition, the interferences caused by
organic matter can be reduced to a large extent. Higher concentrations of heavy
metals in river water were found at the areas near large cities and with more

industries.

9. Summary and prospects

A novel electrochemical sensor has been developed for the determination of trace
concentrations of heavy metals in water. The sensor is based on iridium
ultramicroelectrode arrays (UMEAs), which have been fabricated using the modern
microphotolithography of thin-film technique. The UMEA chip with a size of 6.4 x 5.0
mm is made up of 4048 individual microelectrodes as working electrodes, arranged
in four separate arrays. Each array consists of 46 x 22 = 1012 disc shaped
microelectrodes with a diameter of 1.8 um each, an interelectrode distance of 25 um,
and a recess depth of 0.2 um. The total electrode area of each array is 2575 pym2
Electrochemical characteristics, analytical performance, influence parameters, and
the application potential of the newly developed Ir-UMEA sensor have been
systematically investigated in this study.
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Compared to macroelectrodes, microelectrodes possess a lot of attractive properties,
such as high mass transport, immunity to ohmic drop, reduced changing current, and
small RC constant, enhanced signal-to-noise ratio, etc., which open new possibilities
in analytical chemistry. However, the drawback of individual microelectrodes is the
exceptionally low measurement current, which is difficult to measure with current
instrumentation. This may be overcome by the construction of microelectrode arrays.
In this way, the advantageous features of individual microelectrodes can be
maintained, if arrays with a proper geometry are designed and high quality chips are
fabricated. The quality of UMEA chips has been checked by surface analysis using
scanning electron microscope (SEM), environmental scanning electron microscope
(ESEM), and atomic force microscope (AFM), respectively. The results show that the
iridium electrodes have very regular disc shapes, well-defined areas, sharp edges,
and smooth surfaces, and are free from residues of photoresist or passivation layer,
indicating a high fabrication quality. Although small cracks can be seen on the
surface of UMEs under the large magnification of ESEM (40,000 X), no influence on
the measurements has been observed with those electrodes.

The electrochemical behavior of the UMEAs has been studied by means of cyclic
voltammetry (CV). Compared to the cyclic voltammetric behavior of individual
microelectrodes (i.e., sigmoidal voltammograms at slow scan rates, and peak shaped
the cyclic voltammetric behavior of the electrode arrays is more complicated.
Depending on the way the microelectrodes are arranged in the arrays (geometry) or
on the scan rate of the experiments (timescale), the same array electrodes may
exhibit the cyclic voltammetric behavior of micro-, quasi micro-, or even
macroelectrodes. There is no consensus on the optimum ratio of the interelectrode
distance (w) to the electrode diameter (d) to avoid the shield effect caused by the
overlap of the diffusion layers. The cyclic voltammetric behavior of the UMEAs used
in this study has been investigated by varying the scan rate from 5 mV/s to 30 V/s.
Overall, sigmoidal cyclic voltammograms have been obtained, suggesting that at the
given packing density of the UMEAs (i.e. a w/d ratio of 14) the individual diffusion
fields of the electrodes remain isolated within the timescales used, and that a steady
state with dominantly radial diffusion is attained. However, slight deviations from the
microelectrode behavior have been observed at very low (e.g., 5 mV/s) and very high

(e.g., 30 mV/s) scan rates, which are supported by the little changes in the shape of
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the cyclic voltammograms and in the intensity of the measurement currents. This
indicates a transition of mass transport from radial diffusion to linear diffusion. In
addition to cyclic voltammetry, the electrochemical behavior of the UMEAs has also
been examined by using chronoamperometry (CA). In principle, depending on the
experimental timescales three different regimes can be distinguished concerning the
mass transport of array electrodes. At very short or very long timescales, linear
diffusion is dominant and the electrodes are in the Cottrell state, while at intermediate
timescales, radial diffusion prevails and the electrodes are in the steady or quasi-
steady state. In this study, the amperometric response of the UMEAs has been
recorded at a timescale from 0.001 to 1000 s. Generally, only two diffusion states
have been observed: the Cottrell state, and the steady or quasi-steady state, which
are proved by an obvious current decrease at the very beginning of the experiment
and by a roughly constant current intensity for the rest of the time, respectively. It
means that during the given experimental time (1000 s) the second Cottrell state
which is expected at very long times was not really attained, demonstrating the
microelectrode behavior of the UMEAs. Compared to values generated by the digital
simulation model of Shoup and Szabo (1984), much higher and more stable
amperometric response has been found with the UMEAs, which is probably due to

the unsuitability of this empirical model to the array electrodes.

The analytical performance of the UMEAs has been investigated by determining the
trace concentration of heavy metals (Cd, Pb, and Cu) using the square wave
stripping voltammetry (SWASV) in synthetic solutions. It has been found that the
quality of the mercury film plays a decisive role in the measurements. Instead of
chronoamperometry (current vs. time), chronocoulometry (charge vs. time) was
applied for mercury plating, because the charge is a better criteria to determine the
duration of the plating period in getting a mercury film of constant geometry. For four
arrays, the optimum charge has been found to be in the range of 0.20 ~ 0.30 mC.
Lower plating charge causes a decrease in the measurement sensitivity, while higher
plating charge results in instable mercury films. The analytical performance of
UMEAs (e.g., sensitivity, precision, and accuracy) has been examined using an
optimal mercury film. For a given mercury film, the sensitivity of the measurement
has been found to be proportional to the deposition time and the square wave

frequency. Concentrations of Cd and Pb down to 0.25 pg/l in 0.02 M acetate buffer
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solution (pH = 4.5) can be easily determined with a deposition time of about 5 min
and a frequency of 300 Hz. The reproducibility of the measurements has been
examined by repetitive measurements of 1.00 pg/l Pb and Cd. Based on the 123
measurements of Cd, the relative standard deviation of 11% has been found, while
for the 112 measurements of Pb, the relative standard deviation for different film
varies from 9% to 13%. The accuracy of measurements has been tested with the
reference sample (Trace Metals in Drinking Water, HPS, USA). For 14 repeated
measurements, the results were within + 6% of the certified value of 1.00 pg/l for Cd
and within £ 9% of the certified value of 1.00 ug/I for Pb. An Ir-UMEA chip can be
used for the generation of a mercury film (plating) for at least 10 times, corresponding
to approximately 500 measurements of heavy metals in synthetic aqueous solutions.
After that it is difficult to generate mercury films of good quality using the same
UMEA chip, which is probably due to damaged electrodes, as supported by the EDX
analysis. The roughness analysis of the electrode surfaces by means of atomic force
microscope (AFM) shows that the electrodes are getting polluted with time, and
consequently, the electrodes stop to work properly. Since the formation of calomel
(Hg2Clz) may be excluded during the experiments, the only conceivable source for
fouling is fine plastic particles caused by the pumping tube, the sealing O-ring, or the
flow through cell, which may however be effectively cleaned by using an ultrasonic
water bath. Compared to a single array, the four arrays used together do not
increase the measurement sensitivity, but in this way, the lifetime of the UMEAs can
be prolonged.

The SWASV measurement using the UMEA sensor is generally influenced by
instrumental parameters, experimental conditions, and interferences. The effects of
the square wave parameters on the measurements have been investigated in detail.
Considering the intensity of the peak current (sensitivity) and the peak shape
(resolution, baseline, width), the optimum conditions for frequency, step potential,
and amplitude have been found to be 200 ~ 400 Hz, 10 ~ 20 mV, and 15 ~ 25 mV,
respectively. Generally, the sensitivity of measurements increases, if a more negative
deposition potential and a longer deposition time are used. However, it should be
stressed that potentials more negative than -1.5 V will cause hydrogen evolution, and
a too long deposition time may lead to the overload of the electrodes with metal ions.
In both cases, the measurements would be interfered. For simultaneous
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determination of the trace concentrations of Pb and Cd in a 0.02 M acetate buffer
solution (pH = 4.5), the optimum potential is between -1.2 V and -1.4 V. The effect of
different electrolytes on the SWASV measurement has been studied using 0.02 M
acetate buffer (pH = 4.5), 0.1 M NaNOg, 0.02 M acetate buffer+0.05 M NaNOs, and
0.1 M HNOs. The optimum supporting electrolyte has been found to be 0.02 M
acetate buffer (pH = 4.5), which allows both high sensitivity and a long lifetime for the
mercury film. The optimum pH value for the 0.02 M acetate buffer solution was found
to be higher than 4. Medium exchange has been proved to evidently improve
measurement sensitivity and shape of voltammogram. It is well known that dissolved
oxygen is problematic in stripping voltammetry using macroelectrodes. However, no
significant difference is seen in the SWASV measurements performed in the
presence and the absence of dissolved oxygen using the Ir-UMEA sensors, which is
in good agreement with the theory of microelectrodes. Acting as complexing agent or
surfactant, organic matter has severe interferences on stripping voltammetric
measurements, like reducing the reactivity of heavy metals, inhibiting the access of
heavy metals to electrodes, and increasing the irreversibility of the ASV process.
Therefore, for the determination of total concentrations of heavy metals in natural
water, organic matter has to be destructed before analysis. In this study, river water
samples are digested using both a self-made and a commercially available UV-
digestion device. The SWASV measurements are not improved after the UV
treatment with both of the apparatuses, which may in part be due to the influence of
H>O,. However, it is found that trace concentrations of heavy metals (especially Pb,
Cd) can be successfully determined without UV-digestion, if medium exchange and
standard addition are used. Obvious interferences with intermetallic compounds,
(e.g., Cu-Zn compounds) are not observed in the SWASV measurements, because
the concentrations of heavy metals in the samples are low. By carrying out the
measurements in synthetic solutions and in seawater, no formation of insoluble
calomel (HgoClo) on the electrode surfaces is observed, indicating that the UMEA

sensors can be also used for seawater analysis.

Finally, the Ir-UMEA sensor is tested in determining the trace concentrations of
heavy metals in river water samples. After on-site filtration and acidification, the
samples are directly determined without UV-pretreatment, using medium exchange

and standard addition in laboratory. The results obtained with the Ir-UMEA sensor
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show a reasonably good agreement with the HR-ICP-MS measurements (especially
for Pb), indicating that the SWASV measurements are not significantly affected by
organic matter and/or by the formation of intermetallic compounds. At more than half
of the stations the concentrations of heavy metals measured using the UMEA sensor
agree within +20% with the results obtained with the HR-ICP-MS. The generally
lower concentrations measured by the UMEA sensor are mostly because the
measurements are performed without destruction of organic matter. The regional
distributions of the heavy metal concentrations show the higher values in areas near

large cities and with more industries.

In general, compared to the Pt- and Ir/Pt-UMEAs, the Ir-UMEAs have been shown
satisfactory electrochemical and analytical behavior, indicating good design and
fabrication quality. The coupling of the Ir-UMEAs and the square wave anodic
stripping voltammetry has been proved to be a very powerful and promising
analytical approach for the determination of trace concentrations of heavy metals in
water. However, in order to get the pure properties of microelectrodes with the Ir-
UMEAs, appropriate enlargement of the interelectrode distance (e.g., w/d > 20) (LEE
ET AL. 2001, SANDISON ET AL. 2002) is suggested for future work. By the combination
of the UMEA sensor with an on-line UV-digestor or with an anti-fouling membrane
(BELMONT-HEBERT ET AL. 1998), the successful development of a portable on-site or in

situ trace metal analysis system in natural waters is very possible.
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Appendices

Appendix 1: The reproducibility and accuracy of trace metal measurements using Ir-UMEA

sensor
Ir 27_plating 9 | Ir 27_plating 5| Ir 24_plating 4 Ir 29_plating 1 Ir 29_plating 2
No. Cd Pb Cd Pb Cd Pb Cd Pb Cd Pb
(Tpg/l) (A pg/l) [(Tpg/M) (Tpg/) | Apg/t)  (Tugh) | (Tpg/l) (Tpg/l)] (1Tug!) (1 ugh)
1 0.95 0.84 096 0.76 0.97 0.96 0.83 0.88 1.16 0.91
2 0.89 0.93 0.93 1.08 0.98 1.11 0.82 0.82 1.02 1.14
3 0.98 0.92 1.15 1.19 1.03 1.18 0.96 0.85 1.02 1.12
4 1.14 1.01 1.1 1.06 1.15 1.09 0.90 0.83 1.01 1.18
5 1.21 1.12 0.79 1.05 1.15 1.13 0.95 0.92 0.98 1.08
6 1.24 1.07 0.97 1.19 1.18 1.10 1.04 1.09
7 1.05 1.17 1.01 1.15 1.19 1.18 1.12 1.1
8 1.05 1.10 1.13 1.18 0.99 1.06 0.91 0.79
9 1.19 1.15 1.11 1.18 0.98 1.05 0.98 0.91
10 1.15 0.99 0.98  0.91 1.28 1.06
11 1.03 1.11 0.92 1.14 0.99 1.14
12 0.95 1.07 0.89 0.86 0.82 1.10
13 0.86 0.88 0.93 0.86 0.81 0.92
14 0.94 1.04 0.96 1.05 0.90 0.99
15 0.95 1.04 0.96 1.10 0.87 1.03
16 0.80 0.98 0.78 1.10 1.01 0.98
17 1.03 1.04 1.04 1.16 1.02 1.00
19 0.96 0.89 0.91 1.10 0.94 1.00
20 0.89 0.86 117 087 0.88 0.99
21 0.93 0.95 1.12 1.18 0.82 0.98
22 0.93 0.88 0.92 0.87 0.85
23 0.82 0.89 0.97 1.10 0.95
24 0.83 0.90 0.99 0.97 1.12
25 0.88 0.94 0.98 1.05 0.87
26 0.81 0.82 0.91 1.07 0.85
27 0.81 0.85 0.78 1.09 1.12
28 0.86 0.88 0.83 1.10 1.02
29 0.88 1.01 0.85 0.83 0.83
30 0.86 0.90 0.88 0.99
31 0.89 0.92 0.98 0.86
32 0.93 0.95 0.84 1.11
33 0.82 0.98 1.11 0.85
34 0.84 1.05 0.97 0.84
35 0.96 1.11 1.08 0.98
36 0.80 0.87 1.19 0.93
37 1.00 1.03 0.89 1.04
38 0.93 1.01 1.00 0.92
39 0.82 0.95 1.10 1.13
40 0.85 0.95 1.10 1.11
41 0.92 1.06 0.99 0.88
42 0.99 1.11 1.10 1.27
43 0.82 1.01 0.93 0.71
44 0.97 1.06 0.96
45 0.91 1.03 0.95
46 1.06 1.15 0.92
47 0.95 1.02
48 1.03 1.11
49 1.05 1.13
50 0.89 0.93
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Appendix 4: Different plating times used for a constant charge (chip 1)

Plating 9 Plating 5 Plating 9 Plating 5
Time (s) Charge (C) | Charge (C) Time (s) Charge (C) | Charge (C)

0.1 6.12E-08 9.69E-08 106.1 6.11E-05 6.83E-05
2.1 1.02E-06 1.19E-06 108.1 6.23E-05 6.97E-05
4.1 2.00E-06 2.27E-06 110.1 6.36E-05 7.11E-05
6.1 3.00E-06 3.37E-06 112.1 6.48E-05 7.25E-05
8.1 4.02E-06 4.48E-06 1141 6.60E-05 7.39E-05
10.1 5.07E-06 5.60E-06 116.1 6.73E-05 7.53E-05
12.1 6.13E-06 6.74E-06 118.1 6.85E-05 7.68E-05
14.1 7.20E-06 7.89E-06 120.1 6.97E-05 7.82E-05
16.1 8.29E-06 9.05E-06 122.1 7.10E-05 7.96E-05
18.1 9.39E-06 1.02E-05 1241 7.22E-05 8.11E-05
20.1 1.05E-05 1.14E-05 126.1 7.34E-05 8.25E-05
22.1 1.16E-05 1.26E-05 128.1 7.47E-05 8.39E-05
241 1.27E-05 1.38E-05 130.1 7.59E-05 8.54E-05
26.1 1.39E-05 1.50E-05 132.1 7.72E-05 8.68E-05
28.1 1.50E-05 1.63E-05 134.1 7.84E-05 8.83E-05
30.1 1.61E-05 1.75E-05 136.1 7.97E-05 8.98E-05
32.1 1.73E-05 1.87E-05 138.1 8.09E-05 9.12E-05
34.1 1.84E-05 2.00E-05 140.1 8.22E-05 9.27E-05
36.1 1.96E-05 2.12E-05 1421 8.34E-05 9.42E-05
38.1 2.08E-05 2.25E-05 1441 8.47E-05 9.57E-05
40.1 2.19E-05 2.38E-05 146.1 8.59E-05 9.72E-05
421 2.31E-05 2.50E-05 148.1 8.72E-05 9.87E-05
44 1 2.43E-05 2.63E-05 150.1 8.84E-05 1.00E-04
46.1 2.54E-05 2.76E-05 152.1 8.97E-05 1.02E-04
48.1 2.66E-05 2.89E-05 154.1 9.10E-05 1.03E-04
50.1 2.78E-05 3.02E-05 156.1 9.22E-05 1.05E-04
52.1 2.89E-05 3.15E-05 158.1 9.35E-05 1.06E-04
54 1 3.01E-05 3.28E-05 160.1 9.48E-05 1.08E-04
56.1 3.13E-05 3.42E-05 162.1 9.60E-05 1.09E-04
58.1 3.25E-05 3.55E-05 164.1 9.73E-05 1.11E-04
60.1 3.36E-05 3.68E-05 166.1 9.86E-05 1.12E-04
62.1 3.48E-05 3.82E-05 168.1 9.98E-05 1.14E-04
64.1 3.60E-05 3.95E-05 170.1 1.01E-04 1.15E-04
66.1 3.72E-05 4.08E-05 1721 1.02E-04 1.17E-04
68.1 3.84E-05 4.22E-05 1741 1.04E-04 1.18E-04
70.1 3.95E-05 4.35E-05 176.1 1.05E-04 1.20E-04
72.1 4.07E-05 4.49E-05 178.1 1.06E-04 1.21E-04
741 4.19E-05 4.63E-05 180.1 1.08E-04 1.23E-04
76.1 4.31E-05 4.76E-05 182.1 1.09E-04 1.25E-04
78.1 4 43E-05 4.90E-05 184.1 1.10E-04 1.26E-04
80.1 4 .55E-05 5.03E-05 186.1 1.11E-04 1.28E-04
82.1 4.67E-05 5.17E-05 188.1 1.13E-04 1.29E-04
84.1 4.78E-05 5.31E-05 190.1 1.14E-04 1.31E-04
86.1 4.90E-05 5.44E-05 192.1 1.15E-04 1.32E-04
88.1 5.02E-05 5.58E-05 194.1 1.17E-04 1.34E-04
90.1 5.14E-05 5.72E-05 196.1 1.18E-04 1.36E-04
92.1 5.26E-05 5.86E-05 198.1 1.19E-04 1.37E-04
94 1 5.38E-05 5.99E-05 200.1 1.20E-04 1.39E-04
96.1 5.50E-05 6.13E-05 202.1 1.22E-04 1.40E-04
98.1 5.62E-05 6.27E-05 204.1 1.23E-04 1.42E-04
100.1 5.75E-05 6.41E-05 206.1 1.24E-04 1.43E-04
102.1 5.87E-05 6.55E-05 208.1 1.26E-04 1.45E-04
104.1 5.99E-05 6.69E-05 210.1 1.27E-04 1.47E-04
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Continue
Plating 9 Plating 5 Plating 9 Plating 5

Time (s) Charge (C) | Charge (C) Time (s) Charge (C) | Charge (C)
212.1 1.28E-04 1.48E-04 320.1 1.99E-04 2.40E-04
214.1 1.29E-04 1.50E-04 322.1 2.00E-04 2.42E-04
216.1 1.31E-04 1.52E-04 324.1 2.01E-04 2.43E-04
218.1 1.32E-04 1.53E-04 326.1 2.03E-04 2.45E-04
220.1 1.33E-04 1.55E-04 328.1 2.04E-04 2.47E-04
222.1 1.35E-04 1.56E-04 330.1 2.05E-04 2.49E-04
224 .1 1.36E-04 1.58E-04 332.1 2.07E-04 2.51E-04
226.1 1.37E-04 1.60E-04 334.1 2.08E-04 2.52E-04
228.1 1.39E-04 1.61E-04 336.1 2.09E-04 2.54E-04
230.1 1.40E-04 1.63E-04 338.1 2.10E-04 2.56E-04
232.1 1.41E-04 1.65E-04 340.1 2.12E-04 2.58E-04
234.1 1.42E-04 1.66E-04 342.1 2.13E-04 2.60E-04
236.1 1.44E-04 1.68E-04 344.1 2.14E-04 2.61E-04
238.1 1.45E-04 1.69E-04 346.1 2.16E-04 2.63E-04
240.1 1.46E-04 1.71E-04 348.1 2.17E-04 2.65E-04
2421 1.48E-04 1.73E-04 350.1 2.18E-04 2.67E-04
2441 1.49E-04 1.74E-04 352.1 2.20E-04 2.69E-04
246.1 1.50E-04 1.76E-04 354.1 2.21E-04
248.1 1.52E-04 1.78E-04 356.1 2.22E-04
250.1 1.53E-04 1.79E-04 358.1 2.24E-04
252.1 1.54E-04 1.81E-04 360.1 2.25E-04
254 .1 1.55E-04 1.83E-04 362.1 2.26E-04
256.1 1.57E-04 1.84E-04 364.1 2.28E-04
258.1 1.58E-04 1.86E-04 366.1 2.29E-04
260.1 1.59E-04 1.88E-04 368.1 2.30E-04
262.1 1.61E-04 1.89E-04 370.1 2.32E-04
264.1 1.62E-04 1.91E-04 372.1 2.33E-04
266.1 1.63E-04 1.93E-04 374.1 2.34E-04
268.1 1.65E-04 1.95E-04 376.1 2.36E-04
270.1 1.66E-04 1.96E-04 378.1 2.37E-04
2721 1.67E-04 1.98E-04 380.1 2.38E-04
2741 1.69E-04 2.00E-04 382.1 2.40E-04
276.1 1.70E-04 2.01E-04 384.1 2.41E-04
278.1 1.71E-04 2.03E-04 386.1 2.42E-04
280.1 1.72E-04 2.05E-04 388.1 2.44E-04
282.1 1.74E-04 2.07E-04 390.1 2.45E-04
284.1 1.75E-04 2.08E-04 392.1 2.46E-04
286.1 1.76E-04 2.10E-04 394.1 2.48E-04
288.1 1.78E-04 2.12E-04 396.1 2.49E-04
290.1 1.79E-04 2.13E-04 398.1 2.50E-04
292.1 1.80E-04 2.15E-04 400.1 2.52E-04
294 .1 1.82E-04 2.17E-04 402.1 2.53E-04
296.1 1.83E-04 2.19E-04 404.1 2.54E-04
298.1 1.84E-04 2.20E-04 406.1 2.56E-04
300.1 1.86E-04 2.22E-04 408.1 2.57E-04
302.1 1.87E-04 2.24E-04 410.1 2.58E-04
304.1 1.88E-04 2.26E-04 412.1 2.60E-04
306.1 1.89E-04 2.27E-04 4141 2.61E-04
308.1 1.91E-04 2.29E-04 416.1 2.62E-04
310.1 1.92E-04 2.31E-04 418.1 2.64E-04
312.1 1.93E-04 2.33E-04 420.1 2.65E-04
314.1 1.95E-04 2.35E-04 4221 2.66E-04
316.1 1.96E-04 2.36E-04 424 1 2.68E-04
318.1 1.97E-04 2.38E-04 426.1 2.69E-04
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Appendix 5: Different charges used for a constant plating time (chip 2)

Plating 5 | Plating 4 Plating 5 | Plating 4 Plating 5 | Plating 4
Time (s) | Charge (C)|Charge (C)] Time (s) | Charge (C)|Charge (C)| Time (s) |Charge (C)| Charge (C)
0.1 5.04E-08 1.31E-07 102.1 7.66E-05 5.54E-05 2041 1.60E-04 1.10E-04
2.1 7.75E-07  1.42E-06 104.1 7.82E-05 5.65E-05 206.1 1.62E-04 1.11E-04
4.1 1.56E-06 2.59E-06 106.1 7.98E-05 5.76E-05 208.1 1.64E-04 1.12E-04
6.1 2.44E-06 3.73E-06 108.1 8.14E-05 5.86E-05 210.1 1.65E-04 1.13E-04
8.1 3.41E-06 4.85E-06 110.1 8.30E-05 5.97E-05 2121 1.67E-04 1.14E-04
10.1 4.46E-06 5.95E-06 112.1 8.46E-05 6.07E-05 2141 1.69E-04 1.15E-04
12.1 5.62E-06  7.04E-06 114.1 8.62E-05 6.18E-05 216.1 1.71E-04  1.16E-04
14.1 6.86E-06 8.13E-06 116.1 8.78E-05 6.29E-05 218.1 1.72E-04 1.17E-04
16.1 8.20E-06 9.22E-06 118.1 8.94E-05 6.39E-05 220.1 1.74E-04 1.18E-04
18.1 9.60E-06 1.03E-05 120.1 9.10E-05 6.50E-05 2221 1.76E-04 1.19E-04
20.1 1.11E-05 1.14E-05 122.1 9.26E-05 6.61E-05 224 1 1.77E-04 1.21E-04
22.1 1.26E-05 1.25E-05 124.1 9.42E-05 6.71E-05 226.1 1.79E-04  1.22E-04
24.1 1.42E-05 1.35E-05 126.1 9.58E-05 6.82E-05 228.1 1.81E-04 1.23E-04
26.1 1.58E-05 1.46E-05 128.1 9.75E-05 6.93E-05 230.1 1.82E-04  1.24E-04
28.1 1.74E-05 1.57E-05 130.1 9.91E-05 7.03E-05 2321 1.84E-04 1.25E-04
30.1 1.90E-05 1.68E-05 132.1 1.01E-04 7.14E-05 2341 1.86E-04 1.26E-04
32.1 2.06E-05 1.78E-05 134.1 1.02E-04 7.25E-05 236.1 1.88E-04 1.27E-04
34.1 2.23E-05 1.89E-05 136.1 1.04E-04 7.35E-05 238.1 1.89E-04 1.28E-04
36.1 2.40E-05 2.00E-05 138.1 1.06E-04  7.46E-05 240.1 1.91E-04 1.29E-04
38.1 2.56E-05 2.11E-05 140.1 1.07E-04  7.56E-05 2421 1.93E-04  1.30E-04
40.1 2.73E-05 2.21E-05 142.1 1.09E-04 7.67E-05 2441 1.94E-04 1.31E-04
42.1 2.89E-05 2.32E-05 1441 1.10E-04  7.78E-05 246.1 1.96E-04  1.32E-04
44 1 3.06E-05 2.43E-05 146.1 1.12E-04 7.88E-05 248.1 1.98E-04 1.33E-04
46.1 3.22E-05 2.54E-05 148.1 1.14E-04  7.99E-05 250.1 2.00E-04 1.34E-04
48.1 3.38E-05 2.64E-05 150.1 1.15E-04 8.10E-05 252.1 2.01E-04 1.36E-04
50.1 3.55E-05 2.75E-05 152.1 1.17E-04  8.20E-05 2541 2.03E-04 1.37E-04
52.1 3.71E-05 2.86E-05 154.1 1.19E-04 8.31E-05 256.1 2.05E-04 1.38E-04
54.1 3.87E-05 2.97E-05 156.1 1.20E-04 8.42E-05 258.1 2.07E-04 1.39E-04
56.1 4.03E-05 3.07E-05 158.1 1.22E-04 8.52E-05 260.1 2.08E-04 1.40E-04
58.1 4.19E-05 3.18E-05 160.1 1.24E-04 8.63E-05 262.1 2.10E-04 1.41E-04
60.1 4.35E-05 3.29E-05 162.1 1.25E-04 8.74E-05 2641 2.12E-04 1.42E-04
62.1 4.51E-05 3.39E-05 164.1 1.27E-04  8.84E-05 266.1 2.13E-04 1.43E-04
64.1 4.67E-05 3.50E-05 166.1 1.29E-04 8.95E-05 268.1 2.15E-04 1.44E-04
66.1 4.83E-05 3.61E-05 168.1 1.30E-04 9.06E-05 2701 2.17E-04  1.45E-04
68.1 4.99E-05 3.72E-05 170.1 1.32E-04 9.16E-05 2721 2.19E-04 1.46E-04
70.1 5.14E-05 3.83E-05 172.1 1.34E-04 9.27E-05 2741 2.20E-04 1.47E-04
721 5.30E-05 3.93E-05 1741 1.35E-04 9.38E-05 276.1 2.22E-04 1.48E-04
741 5.46E-05 4.04E-05 176.1 1.37E-04 9.48E-05 278.1 2.24E-04  1.50E-04
76.1 5.62E-05 4.15E-05 178.1 1.39E-04 9.59E-05 280.1 2.26E-04 1.51E-04
78.1 5.77E-05 4.26E-05 180.1 1.40E-04 9.70E-05 282.1 2.27E-04 1.52E-04
80.1 5.93E-05 4.36E-05 182.1 1.42E-04 9.80E-05 284.1 2.29E-04 1.53E-04
82.1 6.09E-05 4.47E-05 184.1 1.44E-04 9.91E-05 286.1 2.31E-04 1.54E-04
84.1 6.24E-05 4.58E-05 186.1 1.45E-04 1.00E-04 288.1 2.33E-04 1.55E-04
86.1 6.40E-05 4.69E-05 188.1 1.47E-04 1.01E-04 290.1 2.35E-04 1.56E-04
88.1 6.56E-05 4.79E-05 190.1 1.49E-04 1.02E-04 2921 2.36E-04 1.57E-04
90.1 6.71E-05 4.90E-05 192.1 1.50E-04 1.03E-04 294.1 2.38E-04 1.58E-04
92.1 6.87E-05 5.01E-05 194.1 1.52E-04 1.04E-04 296.1 2.40E-04 1.59E-04
94.1 7.08E-05 5.12E-05 196.1 1.54E-04 1.05E-04 298.1 2.42E-04 1.60E-04
96.1 7.19E-05 5.22E-05 198.1 1.55E-04 1.07E-04 300.1 2.43E-04 1.61E-04
98.1 7.35E-05 5.33E-05 200.1 1.57E-04 1.08E-04
100.1 7.50E-05 5.44E-05 202.1 1.59E-04 1.09E-04
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Appendix 6: Chronoamperometric response of the UMEA for a time frame of 1 s

t(s) 1/t"2 Current (A) t(s) 1/t"? Current (A) t(s) 1/t"? Current (A)| t(s) 1/t"? Current (A)
0.001 31.6 -5.94E-06 | 0.235 2.1 -8.08E-07 |0.505 1.4 -7.75E-07 |0.775 1.1 -7.60E-07
0.002 22.4 -2.39E-06 [ 0.240 2.0 -8.04E-07|0.510 1.4 -7.78E-07 [0.780 1.1 -7.57E-07
0.003 18.3 -1.80E-06 | 0.245 2.0 -8.02E-07 |0.515 1.4 -7.77E-07 [0.785 1.1 -7.57E-07
0.004 158 -1.54E-06 [ 0.250 2.0 -8.05E-07 |0.520 1.4 -7.75E-07 [0.790 1.1 -7.58E-07
0.005 14.1 -1.40E-06 [ 0.255 2.0 -8.03E-07 |0.525 1.4 -7.73E-07 [0.795 1.1 -7.60E-07
0.006 12.9 -1.31E-06 [ 0.260 2.0 -8.01E-07 |0.530 1.4 -7.75E-07 [0.800 1.1 -7.56E-07
0.007 12.0 -1.24E-06 | 0.265 1.9 -7.99E-07 |0.535 1.4 -7.76E-07 [0.805 1.1 -7.55E-07
0.008 11.2 -1.19E-06 [ 0.270 1.9 -8.01E-07 |0.540 1.4 -7.72E-07 [0.810 1.1 -7.59E-07
0.009 10.5 -1.16E-06 [ 0.275 1.9 -8.02E-07 |0.545 1.4 -7.72E-07 [0.815 1.1 -7.57E-07
0.010 10.0 -1.13E-06 [ 0.280 1.9 -7.97E-07 |0.550 1.3 -7.75E-07 [0.820 1.1 -7.56E-07
0.015 8.2 -1.04E-06 | 0.285 1.9 -7.97E-07|0.555 1.3 -7.74E-07 [0.825 1.1 -7.54E-07
0.020 7.1 -9.84E-07 [ 0.290 1.9 -7.99E-07|0.560 1.3 -7.72E-07 [0.830 1.1 -7.56E-07
0.025 6.3 -9.54E-07 [ 0.295 1.8 -7.99E-07 |0.565 1.3 -7.70E-07 [0.835 1.1 -7.57E-07
0.030 5.8 -9.33E-07 [ 0.300 1.8 -7.96E-07 |0.570 1.3 -7.74E-07 [0.840 1.1 -7.53E-07
0.035 5.3 -9.19E-07 [ 0.305 1.8 -7.93E-07 |0.575 1.3 -7.73E-07 [0.845 1.1 -7.54E-07
0.040 5.0 -9.03E-07|0.310 1.8 -7.97E-07|0.580 1.3 -7.69E-07 |0.850 1.1 -7.55E-07
0.045 4.7 -8.92E-07 | 0.315 1.8 -7.96E-07|0.585 1.3 -7.70E-07 [0.855 1.1 -7.56E-07
0.050 4.5 -8.88E-07 [ 0.320 1.8 -7.92E-07|0.590 1.3 -7.70E-07 [0.860 1.1 -7.54E-07
0.055 4.3 -8.80E-07 [ 0.325 1.8 -7.92E-07 |0.595 1.3 -7.71E-07 [0.865 1.1 -7.52E-07
0.060 4.1 -8.72E-07 [ 0.330 1.7 -7.93E-07 |0.600 1.3 -7.69E-07 [0.870 1.1 -7.56E-07
0.065 3.9 -8.66E-07 | 0.335 1.7 -7.94E-07 |0.605 1.3 -7.67E-07 [0.875 1.1 -7.55E-07
0.070 3.8 -8.63E-07 | 0.340 1.7 -7.89E-07 |0.610 1.3 -7.71E-07 [0.880 1.1 -7.51E-07
0.075 3.7 -8.61E-07 | 0.345 1.7 -7.89E-07 |0.615 1.3 -7.69E-07 [0.885 1.1 -7.52E-07
0.080 3.5 -8.53E-07|0.350 1.7 -7.92E-07|0.620 1.3 -7.68E-07 |0.890 1.1 -7.53E-07
0.085 3.4 -850E-07|0.355 1.7 -7.91E-07|0.625 1.3 -7.66E-07 [0.895 1.1 -7.55E-07
0.090 3.3 -8.50E-07|0.360 1.7 -7.89E-070.630 1.3 -7.68E-07 |0.900 1.1 -7.51E-07
0.095 3.2 -8.47E-07 | 0.365 1.7 -7.87E-07|0.635 1.3 -7.69E-07 [0.905 1.1 -7.50E-07
0.100 3.2 -8.42E-07 [ 0.370 1.6 -7.89E-07 |0.640 1.2 -7.65E-07 [0.910 1.0 -7.53E-07
0.105 3.1 -8.38E-07 [ 0.375 1.6 -7.90E-07 |0.645 1.2 -7.65E-07 [0.915 1.0 -7.52E-07
0.110 3.0 -8.40E-07 [ 0.380 1.6 -7.86E-07|0.650 1.2 -7.68E-07 [0.920 1.0 -7.51E-07
0.115 2.9 -8.37E-07 | 0.385 1.6 -7.86E-07|0.655 1.2 -7.67E-07 [0.925 1.0 -7.49E-07
0120 2.9 -8.32E-07 [ 0.390 1.6 -7.86E-07 |0.660 1.2 -7.65E-07 [0.930 1.0 -7.51E-07
0.125 2.8 -8.31E-07 | 0.395 1.6 -7.87E-07|0.665 1.2 -7.63E-07 [0.935 1.0 -7.53E-07
0.130 2.8 -8.31E-07 [ 0.400 1.6 -7.85E-07 |0.670 1.2 -7.67E-07 [0.940 1.0 -7.49E-07
0.135 2.7 -8.31E-07 | 0.405 1.6 -7.82E-07 |0.675 1.2 -7.66E-07 [0.945 1.0 -7.49E-07
0.140 2.7 -8.26E-07 [ 0.410 1.6 -7.86E-07|0.680 1.2 -7.63E-07 [0.950 1.0 -7.50E-07
0.145 2.6 -8.23E-07 | 0.415 1.6 -7.85E-07|0.685 1.2 -7.63E-07 [0.955 1.0 -7.50E-07
0.150 2.6 -8.26E-07 [ 0.420 1.5 -7.82E-07|0.690 1.2 -7.64E-07 [0.960 1.0 -7.49E-07
0.155 2.5 -8.23E-07 | 0.425 1.5 -7.82E-07|0.695 1.2 -7.65E-07 [0.965 1.0 -7.46E-07
0.160 2.5 -8.21E-07 | 0.430 1.5 -7.83E-07|0.700 1.2 -7.63E-07 [0.970 1.0 -7.50E-07
0.165 2.5 -8.18E-07 | 0.435 1.5 -7.84E-07|0.705 1.2 -7.61E-07 [0.975 1.0 -7.49E-07
0170 2.4 -8.19E-07 | 0.440 1.5 -7.80E-07 |0.710 1.2 -7.64E-07 [0.980 1.0 -7.47E-07
0.175 2.4 -8.20E-07 | 0.445 1.5 -7.80E-07|0.715 1.2 -7.63E-07 [0.985 1.0 -7.47E-07
0.180 2.4 -8.14E-07 | 0.450 1.5 -7.82E-07|0.720 1.2 -7.62E-07 [0.990 1.0 -7.48E-07
0.185 2.3 -8.14E-07 | 0.455 1.5 -7.81E-07|0.725 1.2 -7.60E-07 [0.995 1.0 -7.50E-07
0.190 2.3 -8.16E-07 [ 0.460 1.5 -7.80E-07 |0.730 1.2 -7.61E-07 [1.000 1.0 -7.46E-07
0.195 2.3 -8.15E-07 | 0.465 1.5 -7.78E-07|0.735 1.2 -7.63E-07

0.200 2.2 -8.11E-07 | 0.470 1.5 -7.81E-07|0.740 1.2 -7.59E-07

0.205 2.2 -8.09E-07 | 0.475 1.5 -7.81E-07|0.745 1.2 -7.59E-07

0210 2.2 -8.12E-07 | 0.480 1.4 -7.77E-07|0.750 1.2 -7.61E-07

0215 2.2 -8.10E-07 | 0.485 1.4 -7.77E-07|0.755 1.2 -7.61E-07

0.220 2.1 -8.06E-07 [ 0.490 1.4 -7.78E-07|0.760 1.1 -7.60E-07

0.225 2.1 -8.06E-07 | 0.495 1.4 -7.79E-07 |0.765 1.1 -7.57E-07

0230 2.1 -8.07E-07 [ 0.500 1.4 -7.77E-07|0.770 1.1 -7.61E-07
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Appendix 7: Chronoamperometric response of the UMEA for a time frame of 1000 s

t(s) 11" Current (A)|t(s) 1/t"* Current (A)| t(s) 1/t"* Current (A) t(s) 1/t"* Current (A)
1 1.00 -7.80E-07 | 260 0.06 -5.58E-07 | 525 0.04 -5.24E-07| 785 0.04 -4.98E-07
5 0.45 -6.82E-07 |265 0.06 -5.57E-07 | 530 0.04 -5.24E-07| 790 0.04 -4.97E-07
10 0.32 -6.40E-07 | 275 0.06 -5.55E-07 | 535 0.04 -5.22E-07| 795 0.04 -4.97E-07
15 0.26 -6.19E-07 | 280 0.06 -5.55E-07 | 540 0.04 -5.21E-07| 800 0.04 -4.98E-07
20 022 -6.07E-07 | 285 0.06 -5.55E-07 [ 270 0.06 -5.56E-07| 805 0.04 -4.98E-07
25 020 -6.00E-07|290 0.06 -5.55E-07 [ 550 0.04 -5.22E-07| 810 0.04 -4.97E-07
30 0.18 -5.96E-07 | 295 0.06 -5.54E-07 | 555 0.04 -5.22E-07| 815 0.04 -4.97E-07
35 017 -593E-07|300 0.06 -5.53E-07 [ 560 0.04 -5.21E-07| 820 0.03 -4.96E-07
40 016 -591E-07 | 305 0.06 -5.52E-07 | 565 0.04 -5.19E-07| 545 0.04 -5.22E-07
45 015 -591E-07 | 310 0.06 -5.50E-07 [ 570 0.04 -5.18E-07| 825 0.03 -4.95E-07
50 0.14 -5.90E-07 | 315 0.06 -5.49E-07 | 575 0.04 -5.18E-07| 830 0.03 -4.96E-07
55 0.13 -5.88E-07 | 320 0.06 -5.48E-07 | 580 0.04 -5.18E-07| 835 0.03 -4.96E-07
60 0.13 -5.87E-07 | 325 0.06 -5.48E-07 | 585 0.04 -5.19E-07| 840 0.03 -4.96E-07
65 0.12 -5.87E-07 | 330 0.06 -547E-07 | 590 0.04 -5.19E-07| 845 0.03 -4.95E-07
70 012 -5.86E-07 | 335 0.05 -547E-07 | 595 0.04 -5.19E-07| 850 0.03 -4.94E-07
75 0.12 -5.86E-07 | 340 0.05 -5.47E-07 | 600 0.04 -5.18E-07| 855 0.03 -4.94E-07
80 0.11 -585E-07 345 0.05 -5.46E-07 | 605 0.04 -5.17E-07| 860 0.03 -4.95E-07
85 0.11 -584E-07|350 0.05 -5.45E-07 [ 610 0.04 -5.17E-07| 865 0.03 -4.95E-07
90 0.11 -5.84E-07 | 355 0.05 -5.44E-07 | 615 0.04 -5.15E-07| 870 0.03 -4.94E-07
95 0.10 -5.83E-07 | 360 0.05 -5.42E-07 | 620 0.04 -5.14E-07| 875 0.03 -4.93E-07
100 0.10 -5.83E-07 | 365 0.05 -5.40E-07 | 625 0.04 -5.14E-07| 880 0.03 -4.92E-07
105 0.10 -5.83E-07 | 370 0.05 -5.39E-07 | 630 0.04 -5.14E-07| 885 0.03 -4.93E-07
110 0.10 -5.81E-07 | 375 0.05 -5.39E-07 | 635 0.04 -5.14E-07| 890 0.03 -4.92E-07
115 0.09 -5.80E-07 | 380 0.05 -5.40E-07 | 640 0.04 -5.14E-07| 895 0.03 -4.93E-07
120 0.09 -5.80E-07 | 385 0.05 -5.40E-07 | 645 0.04 -5.14E-07| 900 0.03 -4.93E-07
125 0.09 -5.79E-07 | 390 0.05 -5.39E-07 | 650 0.04 -5.11E-07| 905 0.03 -4.92E-07
130 0.09 -5.76E-07 | 395 0.05 -5.38E-07 | 655 0.04 -5.11E-07| 910 0.03 -4.91E-07
135 0.09 -5.76E-07 | 400 0.05 -5.37E-07 | 660 0.04 -5.10E-07| 915 0.03 -4.90E-07
140 0.08 -5.74E-07 | 405 0.05 -5.35E-07 | 665 0.04 -5.10E-07| 920 0.03 -4.90E-07
145 0.08 -5.74E-07 | 410 0.05 -5.35E-07 | 670 0.04 -5.11E-07| 925 0.03 -4.90E-07
150 0.08 -5.73E-07 | 415 0.05 -5.35E-07 | 675 0.04 -5.10E-07| 930 0.03 -4.90E-07
155 0.08 -5.72E-07 | 420 0.05 -5.36E-07 | 680 0.04 -5.10E-07| 935 0.03 -4.91E-07
160 0.08 -5.72E-07 | 425 0.05 -5.35E-07 | 685 0.04 -5.08E-07| 940 0.03 -4.91E-07
165 0.08 -5.72E-07 | 430 0.05 -5.34E-07 | 690 0.04 -5.07E-07| 945 0.03 -4.91E-07
170 0.08 -5.71E-07 | 435 0.05 -5.33E-07 | 695 0.04 -5.07E-07| 950 0.03 -4.90E-07
175 0.08 -5.70E-07 | 440 0.05 -5.32E-07 | 700 0.04 -5.08E-07| 955 0.03 -4.90E-07
180 0.07 -5.68E-07 | 445 0.05 -5.31E-07 | 705 0.04 -5.08E-07| 960 0.03 -4.88E-07
185 0.07 -5.68E-07 | 450 0.05 -5.30E-07 | 710 0.04 -5.07E-07| 965 0.03 -4.88E-07
190 0.07 -5.68E-07 | 455 0.05 -5.29E-07 | 715 0.04 -5.05E-07| 970 0.03 -4.89E-07
195 0.07 -5.68E-07 | 460 0.05 -5.29E-07 | 720 0.04 -5.04E-07| 975 0.03 -4.89E-07
200 0.07 -5.67E-07 | 465 0.05 -5.28E-07 | 725 0.04 -5.02E-07| 980 0.03 -4.89E-07
205 0.07 -5.66E-07 | 470 0.05 -5.28E-07 | 730 0.04 -5.03E-07| 985 0.03 -4.89E-07
210 0.07 -5.65E-07 | 475 0.05 -5.28E-07 | 735 0.04 -5.03E-07| 990 0.03 -4.88E-07
215 0.07 -5.65E-07 | 480 0.05 -5.28E-07 | 740 0.04 -5.02E-07| 995 0.03 -4.87E-07
220 0.07 -5.64E-07 | 485 0.05 -5.28E-07 | 745 0.04 -5.01E-07 [1000 0.03 -4.86E-07
225 0.07 -5.63E-07 [ 490 0.05 -5.27E-07 | 750 0.04 -4.99E-07

230 0.07 -5.62E-07 [ 495 0.04 -5.26E-07 | 755 0.04 -4.99E-07

235 0.07 -5.61E-07 [ 500 0.04 -5.25E-07 | 760 0.04 -4.99E-07

240 0.06 -5.61E-07 [ 505 0.04 -5.24E-07 | 765 0.04 -5.00E-07

245 0.06 -5.61E-07 | 510 0.04 -5.24E-07 | 770 0.04 -5.00E-07

250 0.06 -5.60E-07 [515 0.04 -5.24E-07 | 775 0.04 -5.00E-07

255 0.06 -5.59E-07 [ 520 0.04 -5.25E-07 | 780 0.04 -5.00E-07
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Appendix 8: Comparison of the
Szabo 1984)

experimental currents with the empirical values (Shoup &

t r d m n F D C T 0 -f (T’ e) Iinlaid Irecessed Iexperiment
[ m | m (c/mol) | (m%s) [(mol/m®) (A) (A) (A)

1 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 3871.6 0.9948 0.9542 1.58E-06 1.23E-06 7.17E-07
2 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 7743.2 0.9948 0.8725 1.44E-06 1.12E-06 6.80E-07
4 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 15486.4 0.9948 0.7592 1.26E-06 9.78E-07 6.43E-07
6 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 23229.6 0.9948 0.6844 1.13E-06 8.82E-07 6.23E-07
8 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 30972.8 0.9948 0.6301 1.04E-06 8.12E-07 6.08E-07
10 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 38716.0 0.9948 0.5881 9.72E-07 7.58E-07 5.98E-07
12 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 46459.3 0.9948 0.5543 9.17E-07 7.14E-07 5.89E-07
14 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 54202.5 0.9948 0.5262 8.70E-07 6.78E-07 5.83E-07
16 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 61945.7 0.9948 0.5024 8.31E-07 6.47E-07 5.78E-07
18 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 69688.9 0.9948 0.4818 7.97E-07 6.21E-07 5.74E-07
20 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 77432.1 0.9948 0.4637 7.67E-07 5.98E-07 5.71E-07
22 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 85175.3 0.9948 0.4477 7.40E-07 5.77E-07 5.68E-07
24 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 92918.5 0.9948 0.4334 7.17E-07 5.59E-07 5.66E-07
26 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 100661.7 0.9948 0.4204 6.95E-07 5.42E-07 5.64E-07
28 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 108404.9 0.9948 0.4087 6.76E-07 5.27E-07 5.63E-07
30 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 116148.1 0.9948 0.3979 6.58E-07 5.13E-07 5.62E-07
32 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 123891.4 0.9948 0.3880 6.42E-07 5.00E-07 5.61E-07
34 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 131634.6 0.9948 0.3789 6.26E-07 4.88E-07 5.59E-07
36 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 139377.8 0.9948 0.3704 6.12E-07 4.77E-07 5.58E-07
38 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 147121.0 0.9948 0.3625 5.99E-07 4.67E-07 5.58E-07
40 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 154864.2 0.9948 0.3551 5.87E-07 4.58E-07 5.57E-07
42 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 162607.4 0.9948 0.3482 5.76E-07 4.49E-07 5.57E-07
44 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 170350.6 0.9948 0.3417 5.65E-07 4.40E-07 5.56E-07
46 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 178093.8 0.9948 0.3355 5.55E-07 4.32E-07 5.56E-07
48 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 185837.0 0.9948 0.3297 5.45E-07 4.25E-07 5.56E-07
50 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 193580.2 0.9948 0.3243 5.36E-07 4.18E-07 5.55E-07
52 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 201323.5 0.9948 0.3190 5.28E-07 4.11E-07 5.55E-07
54 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 209066.7 0.9948 0.3141 5.19E-07 4.05E-07 5.55E-07
56 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 216809.9 0.9948 0.3094 5.12E-07 3.99E-07 5.56E-07
58 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 224553.1 0.9948 0.3049 5.04E-07 3.93E-07 5.56E-07
60 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 232296.3 0.9948 0.3006 4.97E-07 3.87E-07 5.56E-07
62 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 240039.5 0.9948 0.2965 4.90E-07 3.82E-07 5.55E-07
64 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 247782.7 0.9948 0.2925 4.84E-07 3.77E-07 5.55E-07
66 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 255525.9 0.9948 0.2888 4.77E-07 3.72E-07 5.55E-07
68 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 263269.1 0.9948 0.2851 4.71E-07 3.67E-07 5.55E-07
70 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 271012.3 0.9948 0.2816 4.66E-07 3.63E-07 5.55E-07
72 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 278755.6 0.9948 0.2783 4.60E-07 3.59E-07 5.55E-07
74 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 286498.8 0.9948 0.2751 4.55E-07 3.55E-07 5.56E-07
76 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 294242.0 0.9948 0.2719 4.50E-07 3.50E-07 5.56E-07
78 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 301985.2 0.9948 0.2689 4.45E-07 3.47E-07 5.55E-07
80 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 309728.4 0.9948 0.2660 4.40E-07 3.43E-07 5.55E-07
82 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 317471.6 0.9948 0.2632 4.35E-07 3.39E-07 5.55E-07
84 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 325214.8 0.9948 0.2605 4.31E-07 3.36E-07 5.56E-07
86 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 332958.0 0.9948 0.2579 4.26E-07 3.32E-07 5.56E-07
88 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 340701.2 0.9948 0.2553 4.22E-07 3.29E-07 5.57E-07
90 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 348444.4 0.9948 0.2528 4.18E-07 3.26E-07 5.57E-07
92 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 356187.7 0.9948 0.2504 4.14E-07 3.23E-07 5.56E-07
94 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 363930.9 0.9948 0.2481 4.10E-07 3.20E-07 5.56E-07
96 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 371674.1 0.9948 0.2458 4.07E-07 3.17E-07 5.57E-07
98 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 379417.3 0.9948 0.2436 4.03E-07 3.14E-07 5.57E-07
100 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 387160.5 0.9948 0.2415 3.99E-07 3.11E-07 5.57E-07
102 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 394903.7 0.9948 0.2394 3.96E-07 3.09E-07 5.57E-07
104 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 402646.9 0.9948 0.2374 3.93E-07 3.06E-07 5.57E-07
106 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 410390.1 0.9948 0.2354 3.89E-07 3.03E-07 5.57E-07
108 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 418133.3 0.9948 0.2335 3.86E-07 3.01E-07 5.57E-07
110 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 425876.5 0.9948 0.2316 3.83E-07 2.99E-07 5.58E-07
112 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 433619.8 0.9948 0.2298 3.80E-07 2.96E-07 5.57E-07
114 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 441363.0 0.9948 0.2280 3.77E-07 2.94E-07 5.57E-07
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Continue

t r d m n F D C T 0 f (T’ 9) Iinlaid Irecessed Iexperiment
o m | m (c/mol) | (m%s) [(mol/m®) (A) (A (A
116 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 449106.2 0.9948 0.2263 3.74E-07 2.92E-07 5.56E-07
118 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 456849.4 0.9948 0.2246 3.71E-07 2.89E-07 5.56E-07
120 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 464592.6 0.9948 0.2229 3.69E-07 2.87E-07 5.55E-07
122 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 472335.8 0.9948 0.2213 3.66E-07 2.85E-07 5.55E-07
124 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 480079.0 0.9948 0.2197 3.63E-07 2.83E-07 5.55E-07
126 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 487822.2 0.9948 0.2181 3.61E-07 2.81E-07 5.55E-07
128 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 495565.4 0.9948 0.2166 3.58E-07 2.79E-07 5.54E-07
130 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 503308.6 0.9948 0.2151 3.56E-07 2.77E-07 5.54E-07
132 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 511051.9 0.9948 0.2137 3.53E-07 2.75E-07 5.51E-07
134 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 518795.1 0.9948 0.2123 3.51E-07 2.74E-07 5.51E-07
136 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 526538.3 0.9948 0.2109 3.49E-07 2.72E-07 5.51E-07
138 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 534281.5 0.9948 0.2095 3.46E-07 2.70E-07 5.51E-07
140 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 542024.7 0.9948 0.2082 3.44E-07 2.68E-07 5.52E-07
142 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 549767.9 0.9948 0.2068 3.42E-07 2.67E-07 5.52E-07
144 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 557511.1 0.9948 0.2056 3.40E-07 2.65E-07 5.52E-07
146 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 565254.3 0.9948 0.2043 3.38E-07 2.63E-07 5.52E-07
148 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 572997.5 0.9948 0.2031 3.36E-07 2.62E-07 5.52E-07
150 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 580740.7 0.9948 0.2018 3.34E-07 2.60E-07 5.52E-07
152 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 588484.0 0.9948 0.2006 3.32E-07 2.59E-07 5.52E-07
154 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 596227.2 0.9948 0.1995 3.30E-07 2.57E-07 5.52E-07
156 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 603970.4 0.9948 0.1983 3.28E-07 2.56E-07 5.52E-07
158 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 611713.6 0.9948 0.1972 3.26E-07 2.54E-07 5.52E-07
160 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 619456.8 0.9948 0.1961 3.24E-07 2.53E-07 5.52E-07
162 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 627200.0 0.9948 0.1950 3.22E-07 2.51E-07 5.52E-07
164 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 634943.2 0.9948 0.1939 3.21E-07 2.50E-07 5.52E-07
166 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 642686.4 0.9948 0.1928 3.19E-07 2.49E-07 5.52E-07
168 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 650429.6 0.9948 0.1918 3.17E-07 2.47E-07 5.51E-07
170 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 658172.8 0.9948 0.1908 3.15E-07 2.46E-07 5.51E-07
172 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 665916.0 0.9948 0.1898 3.14E-07 2.45E-07 5.51E-07
174 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 673659.3 0.9948 0.1888 3.12E-07 2.43E-07 5.50E-07
176 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 681402.5 0.9948 0.1878 3.11E-07 2.42E-07 5.50E-07
178 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 689145.7 0.9948 0.1869 3.09E-07 2.41E-07 5.51E-07
180 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 696888.9 0.9948 0.1859 3.07E-07 2.40E-07 5.51E-07
182 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 704632.1 0.9948 0.1850 3.06E-07 2.38E-07 5.51E-07
184 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 712375.3 0.9948 0.1841 3.04E-07 2.37E-07 5.50E-07
186 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 720118.5 0.9948 0.1832 3.03E-07 2.36E-07 5.50E-07
188 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 727861.7 0.9948 0.1823 3.01E-07 2.35E-07 5.50E-07
190 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 735604.9 0.9948 0.1814 3.00E-07 2.34E-07 5.50E-07
192 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 743348.1 0.9948 0.1806 2.99E-07 2.33E-07 5.49E-07
194 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 751091.4 0.9948 0.1797 2.97E-07 2.32E-07 5.48E-07
196 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 758834.6 0.9948 0.1789 2.96E-07 2.31E-07 5.48E-07
198 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 766577.8 0.9948 0.1781 2.94E-07 2.29E-07 5.47E-07
200 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 774321.0 0.9948 0.1773 2.93E-07 2.28E-07 5.47E-07
202 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 782064.2 0.9948 0.1765 2.92E-07 2.27E-07 5.47E-07
204 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 789807.4 0.9948 0.1757 2.90E-07 2.26E-07 5.47E-07
206 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 797550.6 0.9948 0.1749 2.89E-07 2.25E-07 5.46E-07
208 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 805293.8 0.9948 0.1741 2.88E-07 2.24E-07 5.46E-07
210 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 813037.0 0.9948 0.1734 2.87E-07 2.23E-07 5.46E-07
212 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 820780.2 0.9948 0.1726 2.85E-07 2.22E-07 5.45E-07
214 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 828523.5 0.9948 0.1719 2.84E-07 2.22E-07 5.45E-07
216 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 836266.7 0.9948 0.1711 2.83E-07 2.21E-07 5.44E-07
218 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 844009.9 0.9948 0.1704 2.82E-07 2.20E-07 5.44E-07
220 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 851753.1 0.9948 0.1697 2.81E-07 2.19E-07 5.44E-07
222 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 859496.3 0.9948 0.1690 2.79E-07 2.18E-07 5.44E-07
224 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 867239.5 0.9948 0.1683 2.78E-07 2.17E-07 5.44E-07
226 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 874982.7 0.9948 0.1676 2.77E-07 2.16E-07 5.44E-07
228 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 882725.9 0.9948 0.1670 2.76E-07 2.15E-07 5.44E-07
230 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 890469.1 0.9948 0.1663 2.75E-07 2.14E-07 5.44E-07
232 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 898212.3 0.9948 0.1656 2.74E-07 2.13E-07 5.44E-07
234 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 905955.6 0.9948 0.1650 2.73E-07 2.13E-07 5.44E-07
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t r d m |n F D C T 0 f(z, 6) lintaid Liecessed Iexperiment
o m | m (c/mol) | (m%s) [(mol/m®) (A) (A (A)

236 9.0E-07 2.5E-05 1012
238 9.0E-07 2.5E-05 1012
240 9.0E-07 2.5E-05 1012
242 9.0E-07 2.5E-05 1012
244 9.0E-07 2.5E-05 1012
246 9.0E-07 2.5E-05 1012
248 9.0E-07 2.5E-05 1012
250 9.0E-07 2.5E-05 1012
252 9.0E-07 2.5E-05 1012
254 9.0E-07 2.5E-05 1012
256 9.0E-07 2.5E-05 1012
258 9.0E-07 2.5E-05 1012
260 9.0E-07 2.5E-05 1012
262 9.0E-07 2.5E-05 1012
264 9.0E-07 2.5E-05 1012
266 9.0E-07 2.5E-05 1012
268 9.0E-07 2.5E-05 1012
270 9.0E-07 2.5E-05 1012
272 9.0E-07 2.5E-05 1012
274 9.0E-07 2.5E-05 1012
276 9.0E-07 2.5E-05 1012
278 9.0E-07 2.5E-05 1012
280 9.0E-07 2.5E-05 1012
282 9.0E-07 2.5E-05 1012
284 9.0E-07 2.5E-05 1012
286 9.0E-07 2.5E-05 1012
288 9.0E-07 2.5E-05 1012
290 9.0E-07 2.5E-05 1012
292 9.0E-07 2.5E-05 1012
294 9.0E-07 2.5E-05 1012
296 9.0E-07 2.5E-05 1012
298 9.0E-07 2.5E-05 1012
300 9.0E-07 2.5E-05 1012
302 9.0E-07 2.5E-05 1012
304 9.0E-07 2.5E-05 1012
306 9.0E-07 2.5E-05 1012
308 9.0E-07 2.5E-05 1012
310 9.0E-07 2.5E-05 1012
312 9.0E-07 2.5E-05 1012
314 9.0E-07 2.5E-05 1012
316 9.0E-07 2.5E-05 1012
318 9.0E-07 2.5E-05 1012
320 9.0E-07 2.5E-05 1012
322 9.0E-07 2.5E-05 1012
324 9.0E-07 2.5E-05 1012
326 9.0E-07 2.5E-05 1012
328 9.0E-07 2.5E-05 1012
330 9.0E-07 2.5E-05 1012
332 9.0E-07 2.5E-05 1012
334 9.0E-07 2.5E-05 1012
336 9.0E-07 2.5E-05 1012
338 9.0E-07 2.5E-05 1012
340 9.0E-07 2.5E-05 1012
342 9.0E-07 2.5E-05 1012
344 9.0E-07 2.5E-05 1012
346 9.0E-07 2.5E-05 1012
348 9.0E-07 2.5E-05 1012
350 9.0E-07 2.5E-05 1012
352 9.0E-07 2.5E-05 1012
354 9.0E-07 2.5E-05 1012

9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10
9.6485E+04 7.84E-10

»

913698.8 0.9948 0.1644 2.72E-07 2.12E-07 5.44E-07
921442.0 0.9948 0.1637 2.71E-07 2.11E-07 5.43E-07
929185.2 0.9948 0.1631 2.70E-07 2.10E-07 5.42E-07
936928.4 0.9948 0.1625 2.69E-07 2.09E-07 5.43E-07
944671.6 0.9948 0.1619 2.68E-07 2.09E-07 5.42E-07
952414.8 0.9948 0.1613 2.67E-07 2.08E-07 5.42E-07
960158.0 0.9948 0.1607 2.66E-07 2.07E-07 5.42E-07
967901.2 0.9948 0.1601 2.65E-07 2.06E-07 5.42E-07
975644.4 0.9948 0.1595 2.64E-07 2.06E-07 5.41E-07
983387.7 0.9948 0.1589 2.63E-07 2.05E-07 5.41E-07
991130.9 0.9948 0.1583 2.62E-07 2.04E-07 5.41E-07
998874.1 0.9948 0.1578 2.61E-07 2.03E-07 5.41E-07
1006617.3 0.9948 0.1572 2.60E-07 2.03E-07 5.40E-07
1014360.5 0.9948 0.1566 2.59E-07 2.02E-07 5.40E-07
1022103.7 0.9948 0.1561 2.58E-07 2.01E-07 5.40E-07
1029846.9 0.9948 0.1556 2.57E-07 2.00E-07 5.40E-07
1037590.1 0.9948 0.1550 2.56E-07 2.00E-07 5.41E-07
1045333.3 0.9948 0.1545 2.55E-07 1.99E-07 5.41E-07
1053076.5 0.9948 0.1540 2.55E-07 1.98E-07 5.41E-07
1060819.8 0.9948 0.1534 2.54E-07 1.98E-07 5.41E-07
1068563.0 0.9948 0.1529 2.53E-07 1.97E-07 5.40E-07
1076306.2 0.9948 0.1524 2.52E-07 1.96E-07 5.41E-07
1084049.4 0.9948 0.1519 2.51E-07 1.96E-07 5.41E-07
1091792.6 0.9948 0.1514 2.50E-07 1.95E-07 5.41E-07
1099535.8 0.9948 0.1509 2.50E-07 1.95E-07 5.41E-07
1107279.0 0.9948 0.1504 2.49E-07 1.94E-07 5.42E-07
1115022.2 0.9948 0.1500 2.48E-07 1.93E-07 5.41E-07
1122765.4 0.9948 0.1495 2.47E-07 1.93E-07 5.41E-07
1130508.6 0.9948 0.1490 2.46E-07 1.92E-07 5.41E-07
1138251.9 0.9948 0.1485 2.46E-07 1.91E-07 5.39E-07
1145995.1 0.9948 0.1481 2.45E-07 1.91E-07 5.38E-07
1153738.3 0.9948 0.1476 2.44E-07 1.90E-07 5.38E-07
1161481.5 0.9948 0.1472 2.43E-07 1.90E-07 5.37E-07
1169224.7 0.9948 0.1467 2.43E-07 1.89E-07 5.37E-07
1176967.9 0.9948 0.1463 2.42E-07 1.88E-07 5.38E-07
1184711.1 0.9948 0.1458 2.41E-07 1.88E-07 5.38E-07
1192454.3 0.9948 0.1454 2.40E-07 1.87E-07 5.38E-07
1200197.5 0.9948 0.1449 2.40E-07 1.87E-07 5.37E-07
1207940.7 0.9948 0.1445 2.39E-07 1.86E-07 5.37E-07
1215684.0 0.9948 0.1441 2.38E-07 1.86E-07 5.37E-07
1223427.2 0.9948 0.1437 2.38E-07 1.85E-07 5.37E-07
1231170.4 0.9948 0.1432 2.37E-07 1.85E-07 5.36E-07
1238913.6 0.9948 0.1428 2.36E-07 1.84E-07 5.37E-07
1246656.8 0.9948 0.1424 2.35E-07 1.84E-07 5.36E-07
1254400.0 0.9948 0.1420 2.35E-07 1.83E-07 5.36E-07
1262143.2 0.9948 0.1416 2.34E-07 1.82E-07 5.35E-07
1269886.4 0.9948 0.1412 2.33E-07 1.82E-07 5.36E-07
1277629.6 0.9948 0.1408 2.33E-07 1.81E-07 5.35E-07
1285372.8 0.9948 0.1404 2.32E-07 1.81E-07 5.35E-07
1293116.0 0.9948 0.1400 2.32E-07 1.80E-07 5.35E-07
1300859.3 0.9948 0.1396 2.31E-07 1.80E-07 5.34E-07
1308602.5 0.9948 0.1392 2.30E-07 1.79E-07 5.35E-07
1316345.7 0.9948 0.1389 2.30E-07 1.79E-07 5.35E-07
1324088.9 0.9948 0.1385 2.29E-07 1.78E-07 5.36E-07
1331832.1 0.9948 0.1381 2.28E-07 1.78E-07 5.35E-07
1339575.3 0.9948 0.1377 2.28E-07 1.78E-07 5.35E-07
1347318.5 0.9948 0.1374 2.27E-07 1.77E-07 5.35E-07
1355061.7 0.9948 0.1370 2.27E-07 1.77E-07 5.35E-07
1362804.9 0.9948 0.1366 2.26E-07 1.76E-07 5.35E-07
1370548.1 0.9948 0.1363 2.25E-07 1.76E-07 5.35E-07
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t r d m n F D C T 0 f(T’ 9) Iinlaid Iret:essed Iexperiment
o] m | m (c/mol) | (m®s) [(mol/m?®) (A) (A) (A)
356 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1378291.4 0.9948 0.1359 2.25E-07 1.75E-07 5.36E-07
358 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1386034.6 0.9948 0.1356 2.24E-07 1.75E-07 5.36E-07
360 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1393777.8 0.9948 0.1352 2.24E-07 1.74E-07 5.36E-07
362 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1401521.0 0.9948 0.1349 2.23E-07 1.74E-07 5.36E-07
364 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1409264.2 0.9948 0.1345 2.22E-07 1.73E-07 5.36E-07
366 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1417007.4 0.9948 0.1342 2.22E-07 1.73E-07 5.36E-07
368 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1424750.6 0.9948 0.1338 2.21E-07 1.72E-07 5.36E-07
370 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1432493.8 0.9948 0.1335 2.21E-07 1.72E-07 5.36E-07
372 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1440237.0 0.9948 0.1332 2.20E-07 1.72E-07 5.35E-07
374 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1447980.2 0.9948 0.1328 2.20E-07 1.71E-07 5.35E-07
376 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1455723.5 0.9948 0.1325 2.19E-07 1.71E-07 5.34E-07
378 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1463466.7 0.9948 0.1322 2.19E-07 1.70E-07 5.33E-07
380 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1471209.9 0.9948 0.1318 2.18E-07 1.70E-07 5.33E-07
382 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1478953.1 0.9948 0.1315 2.17E-07 1.70E-07 5.33E-07
384 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1486696.3 0.9948 0.1312 2.17E-07 1.69E-07 5.33E-07
386 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1494439.5 0.9948 0.1309 2.16E-07 1.69E-07 5.33E-07
388 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1502182.7 0.9948 0.1306 2.16E-07 1.68E-07 5.32E-07
390 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1509925.9 0.9948 0.1302 2.15E-07 1.68E-07 5.31E-07
392 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1517669.1 0.9948 0.1299 2.15E-07 1.67E-07 5.32E-07
394 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1525412.3 0.9948 0.1296 2.14E-07 1.67E-07 5.32E-07
396 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1533155.6 0.9948 0.1293 2.14E-07 1.67E-07 5.33E-07
398 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1540898.8 0.9948 0.1290 2.13E-07 1.66E-07 5.33E-07
400 9.0E-07 2.5E-05 1012 1 9.6485E+04 7.84E-10 6 1548642.0 0.9948 0.1287 2.13E-07 1.66E-07 5.33E-07
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