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Abstract
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E-mail Address : sthongng@npru.ac.th, sthongng@yahoo.com

Project Period : 2 years
E 17398
Electrochemical sensing devices have a major impact upon the monitoring of pollutants by allowing
the instrument to be taken to the sample rather than bringing the sample to the laboratory. The
advancement in miniaturization technology has led to the development of sensitive and selective
electrochemical devices for field based and in situ monitoring. Efforts have been focused on the
development of bismuth coated carbon electrode for the sensitive adsorptive stripping voltammetric
determination of trace metals. A submersible electrode assembly for the real time monitoring of the metals
in natural waters has been developed. The new protocol is based on the accumulation of the metal-ligand
complex at a preplated bismuth film electrode, followed by a negatively sweeping square wave
voltammetric waveform. The resulting performance is examined and compares well with mercury film
electrodes. The favorable performance obtained at bismuth electrodes coupled with the negligible toxicity
of bismuth makes them extremely attractive for developing the bismuth based submersible sensors for
continuous in-situ environmental and industrial monitoring of trace metals. A sensitive adsorptive
stripping voltammetric protocol for measuring trace beryllium, for example, in which the preconcentration
is achieved by adsorption of the beryllium-arsenazo-IIl complex at a preplated bismuth-coated carbon
fiber electrode, is described. Optimal conditions were found to be a 0.05 M ammonium buffer (pH 9.7)
containing 10 uM arsenazo-II1, an accumulation potential of 0.0 V (versus Ag/AgCl). The new procedure
obviates the need for toxic mercury film electrodes used in early stripping protocols for beryllium. A
linear response is observed over the 10-50 pg 1" concentration range (60 s accumulation), along with a
detection limit of 0.25 ug I beryllium. A 15-s electrochemical cleaning enables the same bismuth film to
be used for a prolonged operation. High stability is thus indicated from the reproducible response of a 100

ng I beryllium solution (n = 40; RSD = 3.9%) over a 2-h operation. Applicability to a ground water
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sample is illustrated. The attractive behavior of the new sensor holds great promise for on-site
environmental and industrial monitoring of beryllium. Preliminary data in this direction using bismuth-

coated screen-printed electrodes are encouraging.

Keywords : electrochemical sensors, stripping voltammetry, bismuth film electrodes, beryllium
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Executive Summary

L. mmﬁﬁ’qunxﬁmmmﬂcym

A major thrust of the green chemistry research activity is the development of new analytical
methodologies. New analytical tools are needed for real-time industrial process monitoring and for
preventing the formation of hazardous materials. The development of ‘greener’ analytical protocols and
devices, with negligible waste generation or non-toxic materials is another major goal of green analytical
chemistry. The unique features of electrochemical monitoring systems make them particularly attractive for
addressing industrial and environmental problems and the challenges of green chemistry. In particular, the
new generation of miniaturized electrochemical analyzers offers tremendous potential for obtaining the
analytical information in a faster, simpler, and cheaper manner compared to traditional laboratory-based
instruments. Also the traditional lab-based atomic absorption spectroscopic techniques are not amenable for
on-site metal testing. Among the various trace metal techniques, electrochemical stripping analysis is the
most likely candidate to meet the requirements of decentralized metal analysis. The technique combines the
advantages of remarkable sensitivity, portability/miniaturization, multi-element capability, low cost, and
minimal power requirements. The remarkable sensitivity of stripping analysis is attributed to the
combination of an effective preconcentration step with advanced measurement procedures that generates an
extremely favorable signal-to-background ratio. Four to six trace metals can thus be measured
simultaneously in diverse environmental matrices. Such characteristics have prompted the adaptation of
stripping voltammetry for decentralized metal testing.

Proper choice of the working electrode is crucial for the success of the stripping operation. Two
basic electrode systems, the mercury film electrode (MFE) and hanging mercury electrode (HMDE), have
gained wide acceptance in the development of anodic stripping voltammetry (ASV). In most cases, a glassy
carbon electrode, iridium microdisks, or a carbon fiber one are used to support the mercury film. While
these small-volume mercury electrodes offer an attractive stripping performance, new alternative electrode
materials are urgently desired for addressing growing concerns regarding the toxicity, handling, and
disposal of mercury. Future regulations and occupational health considerations may severely limit (or ban)
the use of mercury as an electrode material. New alternative electrode materials with a similar performance
are highly desired, particularly for meeting the growing demands for on-site environmental analysis.
Different bare carbon, gold, or iridium electrodes have been used as possible alternatives to mercury. While

offering useful signals for several metals, the overall performance of these non-mercury electrodes has not
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approached that of mercury ones, due to a low cathodic potential limit, multiple and/or distorted peaks, or
large background contributions. A wide range of ligand- or ion-exchanger modified (preconcentrating)
electrodes have also been developed, but their overall sensitivity and reproducibility has not been
satisfactory for routine measurements of trace metals. Despite of these intensive efforts, a truly competitive
alternative stripping electrode has not emerged, and no major breakthroughs have been reported. A major
challenge for deploying electrochemical devices for routine water analysis will thus be the development of
effective non-mercury working electrodes for high performance stripping analysis.

This research seeks the development and characterization of new electrochemical sensors for on-
site monitoring priority inorganic contaminants (particularly lead and cadmium) in drinking and natural
waters. Unfortunately, the technique has traditionally relied on the use of toxic mercury electrodes. Despite
of intensive research efforts and growing concerns on the use of mercury, a ‘non-mercury’ stripping
electrode, truly competitive to mercury ones, has not emerged. The proposed research aims at gaining such
insights into the behavior of the new non-mercury stripping electrodes, and for using the new knowledge for
optimizing the preparation and operation the non-mercury based metal-sensing devices. We will thus
critically assess the analytical ‘figures of merit’ of the ‘mercury-free’ stripping sensors. We will also
develop an easy-to-use hand-held analyzer, compatible with the new disposable non-mercury electrodes,
and will extensively test the integrated microsystem with relevant water samples. The effort would thus lead
to the emergence of reliable alternative (‘non-mercury’) sensing electrodes that would have a major impact
upon the monitoring of inorganic contaminants in drinking and natural waters and upon the management of

water supplies, in general.

d
2. Jngiszaan
2.1 To explore the non-mercury sensors for ultratrace metal detection

2.2 To optimize the preparation and operation of the mercury-free based devices

3. s2idan35 9y
3.1 Exploration of the non-mercury sensing elements
The selection of non-mercury sensing elements for ultratrace metals detection is critical to
obtain the reliable monitoring of metal contaminant. Therefore, various sensing elements such as bare
carbon (in various form of glassy carbon, carbon fiber, carbon paste, carbon graphite rod, boron doped
diamond), gold, Iridium, silver and bismuth, will be examined and compared for their voltammetric signal,

background current and overall signal-to-background characteristics.



3.2 Electrochemical characterization of the non-mercury sensors
Various voltammetric waveforms can be used to produce the current-potential voltammetric
profiles. These differ mainly in the excitation waveform and, hence, yield different signal-to-noise
characteristics. The responses of the non-mercury based sensors using linear sweep stripping voltammetry,
differential pulse stripping voltammetry and square-wave stripping voltammetry will be compared. The
most favorable performance characteristics with the lowest detection limits will be chosen.
3.3 Optimization of the sensor preparation and operation
The parameters for various voltammetric waveforms, such as potential window, initial
potential, final potential, step potential, frequency, amplitude etc., will be optimized for new non-mercury
based sensors. The best performance characteristics will be used for preparation and operation of the
Sensors.
3.4 Evaluation of the overall analytical performance of sensors
Analytical ‘Figures of Merit’. Following the optimization of the preparation conditions and
analytical protocol, we will assess the overall analytical performance. Performance characteristics, including
reproducibility, dynamic range, signal/ background characteristics (i.e., detection limits), short-term stability
and useful lifetime, renewability will be carefully examined, and the analytical ‘figures of merit” will be
established.
3.5 Development of a dedicated hand-held analyzer
The operation of the non-mercury sensors will be combined with a miniaturized (pocket-size),
user-friendly, battery-operated metal analyzer. We will develop the dedicated hardware and software for
such compact unit. The meter will thus consist of a proper potential control, waveform generator, a single
computer board, and a display. A new software will be developed for controlling the entire sequence of
events (of the deposition/stripping/cleaning cycle), and for a ‘smart’ data processing (including noise
filtration, data smoothing, peak location and integration, and one-point calibration in connection to the
‘built-in’ non-mercury internal standard). Such signal processing will ensure a high-quality response.
3.6 Extensive testing and validation
The new hand-held meter will undergo extensive testing with a wide range of simulated and
real drinking and natural water samples. We will critically assess the precision and accuracy at different
levels of metals, will calculate the %recovery and compare the data with those of centralized atomic
absorption spectroscopy. Relevant reference materials will also be employed. Appropriate replicates, spikes,
standards, calibrations, and recoveries will be employed. Matrix effects will be assessed by comparing the

results of simulated and real water samples.



Validation is an important step in the development and acceptance of new analytical devices.
The new stripping sensor will be carefully validated. The accuracy of the results will be verified and
critically validated by extensive correlation to established EPA reference protocols for the individual metal
contaminants, and in connection to relevant reference materials. Proper quality control (QC) and assurance
(QA) will be carried out. All measurements will be made so that the results are representative of the water
matrix (in connection to a proper sampling and storage). Assessment of the measurement data will rely upon
established statistical protocols. Methods used for collecting and assessing the data will be clearly

documented. Proper attention will be given also the disposal of used reagents, and to all related safety

issues.
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