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ABSTRACT

This Account presents a survey of recent advances in electrochemi-
cal sensing technology relevant to green analytical chemistry and
examines the potential advantages, limitations, and applications
of these monitoring devices. Stricter environmental control and
effective process monitoring have created considerable demands
for innovative analytical methodologies. New devices and protocols,
with negligible waste generation or no hazardous substances, and
in situ real-time monitoring capability are particularly needed for
addressing the challenges of green analytical chemistry. The
coupling of modern electrochemical detection principles with
recent advances in molecular recognition, microelectronics, and
microfabrication has led to powerful, compact, and “user-friendly”
analytical devices. The unique features of such electrochemical
monitoring systems make them particularly attractive for address-
ing environmental and industrial problems and the challenges of
green chemistry. These developments allow the instrument to be
taken to the sample (rather than the traditional way of bringing
the sample to the laboratory) and hence to ensure effective process
or pollution control.

Introduction

A major thrust of the green chemistry research activity is
the development of new analytical methodologies.! For
example, new analytical tools are needed for real-time
industrial process monitoring and for preventing the
formation of toxic materials.* The growing field of process
analytical chemistry is aimed primarily at obtaining the
analytical data close to the production operation.? Such
capability offers improved process control while minimiz-
ing its environmental impact. Similarly, a real-time field
measurement capability is desired for continuous envi-
ronmental monitoring that would replace the common
approach of sample collection and transport to a central
laboratory.® Such monitoring offers a rapid return of the
chemical information (with a proper alarm in case of a
sudden discharge), while minimizing errors and costs
associated with laboratory-based analyses. The develop-
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ment of “greener” analytical protocols and devices, with
negligible waste generation or nontoxic materials, is of
considerable interest, in connection to both centralized
and decentralized (field) analyses. These green chemistry
principles should thus be applied to all aspects of the
analytical science.

This Account highlights recent advances, primarily
from the author’s laboratory, aimed at developing elec-
trochemical systems for meeting the needs of green
analytical chemistry. Electrochemical devices offer unique
opportunities for addressing the challenges of green
analytical chemistry, namely providing effective process
monitoring while minimizing its environmental impact.
The advantages of electrochemical systems include high
sensitivity and selectivity, a wide linear range, minimal
space and power requirements, and low-cost instrumen-
tation. Devices based on potentiometry (e.g., pH), con-
ductivity, and amperometry (e.g., oxygen) have all been
used for many years.* The past two decades have seen
enormous advances in electroanalytical chemistry, includ-
ing the development of ultramicroelectrodes, the design
of tailored interfaces, the coupling of biological compo-
nents with electrical transducers, the microfabrication of
molecular devices, and the introduction of “smart” sensors
and sensor arrays. Advances in controlled-potential tech-
niques have greatly increased the ratio between the
analytical and background currents to allow quantitation
down to the parts per trillion range.* Similarly, recent
developments in polymer membrane ion-selective elec-
trodes have “pushed” the detection limits of these poten-
tiometric devices to a similar level.> The coupling of
modern electrochemical detection principles with recent
advances in microelectronics and microfabrication has led
to powerful and compact analytical devices for real-time,
in process-monitoring. These developments have led to
a substantial increase in the popularity of electroanalysis,
and to its expansion into new phases and environments.

As we enter the 21st century, we no longer rely on
cumbersome electrochemical cells and bulky electrodes,
but rather on fast, small, easy-to-use, “smart” and “envi-
ronmentally friendly” electrochemical systems. A vast
array of devices for on-site and in situ environmental and
industrial monitoring has been developed in recent
years.3® Several representative examples, illustrating the
scope, power, and versatility of such miniaturized and
powerful electrochemical devices and systems, are de-
scribed in the following sections. The readers are referred
to several books for a comprehensive information on
electrochemical systems.*

Toward Green and Easy-To-Use Electrodes

The elimination of hazardous materials from the analytical
protocol is a major thrust of green analytical chemistry.
The performance of electrochemical measurements is
strongly influenced by the material of the working elec-
trode.* For many years, mercury was the choice of
electrode material due to its very attractive behavior and
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highly reproducible, renewable, and smooth surface.
These unique properties of mercury drop electrodes led
to the 1958 Nobel Prize in Chemistry. Both the dropping
and hanging drop electrodes have been widely used in
connection to various polarographic and voltammetric
techniques. Routine applications of these mercury-based
procedures can result in the daily generation of a few
grams of mercury waste. However, because of the toxicity
of mercury, alternative (greener) electrode materials are
highly desired for both centralized and field applications.

Various non-mercury electrodes have thus been ex-
amined. In particular, we demonstrated recently that
bismuth-film electrodes offer high-quality trace-metal
measurements that compares favorably with those of
mercury electrodes.” Bismuth is a “green” element, with
very low toxicity and widespread pharmaceutical use.
“Environmentally friendly” carbon electrodes have been
widely used in electroanalysis for more than three decades
due to their low background current, wide potential
window, chemical inertness, low cost, and suitability for
various sensing and detection applications. The analytical
power and scope of carbon (and other solid) electrodes
can be greatly enhanced through a deliberate modification
of their surface.® The resulting chemically modified elec-
trodes can benefit monitoring applications through a
preferential accumulation of target contaminants, the
exclusion of unwanted materials (e.g., surface-active
macromolecules), or acceleration of desired electron-
transfer reactions. The miniaturization of solid electrode
offers several fundamental and practical advantages,®
including a dramatic reduction in the sample consump-
tion. The significant reduction of resistance (ohmic drop)
effects at these tiny electrodes greatly facilitates voltam-
metric measurements in low-ionic-strength water samples.

To address the needs of decentralized (field) testing, it
is necessary to move away from cumbersome electrodes
and cells (commonly used in research laboratories). The
exploitation of advanced microfabrication techniques
allows the replacement of traditional (“beaker-type”)
electrochemical cells and bulky electrodes with easy-to-
use sensor strips. Both thick-film (screen-printing) and
thin-film (lithographic) fabrication processes have thus
been used for high-volume production of highly repro-
ducible, effective, and inexpensive sensors strips. Such
strips rely on planar working and reference electrodes on
a plastic or silicon substrate (Figure 1). These strips can
thus be considered as self-contained electrochemical cells
onto which the sample droplet is placed. The thin-film
fabrication route facilitates also the development of cross-
reactive electrode arrays'® that are useful for multiparam-
eter process or pollution control (in connection to ad-
vanced signal-processing algorithms).

Real-Time Electrochemical Monitoring

In process control and environmental monitoring, samples
are traditionally collected and transported to a central
laboratory for the subsequent determination of the chemi-
cal composition. The use of sensors and detectors to
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FIGURE 1. Modern microfabricated self-contained planar electro-
chemical cells on a plastic (A) or silicon (B) substrate. (Courtesy of
Medisense and i-Stat Corps., respectively.)

continuously measure important chemical properties has
significant technical and cost benefits over this traditional
sampling and analysis. By providing a fast return of the
analytical information in a timely, safe, and cost-effective
fashion, such devices offer direct and reliable assessment
of the production progress or the fate and gradient of
contaminants sites, while greatly reducing the huge
analytical costs. Such real-time monitoring capability can
be accomplished through on-line or submersible opera-
tions. Despite major advances,®® there are still many
challenges related to the achievement of highly stable and
reliable monitoring. These include the long-term stability
(of both the recognition and transduction elements),
related baseline drift, matrix effects, reversibility, and in
situ calibration.

Real-Time Monitoring of Toxic Metals. Atomic spec-
troscopic techniques, commonly used for measuring trace
metals in the central laboratory, are not suitable for the
task of on-site analyses. Electrochemical stripping analysis
has always been recognized as a powerful tool for mea-
suring trace metals.*' Its remarkable sensitivity is at-
tributed to the “built-in” preconcentration step, during
which the target metals are accumulated onto the working
electrode. The portable instrumentation and low power
demands of stripping analysis satisfy many of the require-
ments for on-site and in situ measurements of trace
metals. Automated stripping flow analyzers have been
developed for continuous on-line monitoring of trace
metals since the mid-1970s.1?2 Remote/submersible probes
circumvent the need for solution pumping and offer
greater simplification and miniaturization. Such remote
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metal monitoring has been realized by eliminating the
needs for mercury electrodes, oxygen removal, forced
convection, or supporting electrolyte (which previously
prevented the direct immersion of stripping electrodes
into sample streams).'® The in situ monitoring capability
of the remote metal sensor was demonstrated in studies
of the distribution of trace copper in San Diego Bay.'*
Buffle’s group has also made pioneering contributions to
in situ measurements of trace metals'® and recently
described a submersible and robust voltammetric in situ
profiling (VIP) system (based on advanced microprocessor
and telemetry technology)® and a novel voltammetric
microelectrode array for real-time monitoring of the fluxes
of metals across the sediment—water interface (in con-
nection to an effective protective agar coating).r” Such
surface protection is crucial for achieving the system
robustness (essential for a long-term in situ monitoring)
in the presence of coexisting surface-active constituents.
Metal speciation studies in non-saline inland water can
greatly benefit from the minimization of resistance effect
at ultramicroelectrodes (that obviates the need for an
external electrolyte).!®

Electrochemical Biosensors for Continuous Monitor-
ing. Biosensors—coupling highly specific biological rec-
ognition elements with electrical transducers—continue
to attract considerable attention in the scientific com-
munity. The environmental and industrial interest in
biosensor technology has been driven by the needs for
faster, simpler, cheaper, and better monitoring tools.'® The
remarkable selectivity of the biological recognition event
allows direct measurements of target analytes in untreated
real samples. Electrochemical biosensors hold a leading
position among the bioprobes currently available and hold
great promise for the task of environmental and industrial
monitoring. A great variety of schemes for implementing
the electrochemical biosensing route, based on different
combinations of biocomponents and electrode transduc-
ers, have been suggested. These rely on the immobiliza-
tion of enzymes, antibodies, nucleic acids, or whole cells
onto amperometric or potentiometric electrode transduc-
ers. These transducers convert the biological recognition
process into a useful current or potential signal (Figure
2). Fundamental aspects of these devices have been
reviewed.*

The integration of electrochemical biosensors with the
remotely deployed probes adds new dimensions of speci-
ficity into in situ monitoring of pollutants.® In the adapta-
tion of enzyme electrodes to a submersible operation, one
must consider the influence of actual field conditions (pH,
salinity, temperature) upon the biocatalytic activity. The
lack of long-term enzymatic stability can also limit the
prolonged operation of such biocatalytic probes. The first
remotely deployed biosensor targeted phenolic contami-
nants in connection to a submersible tyrosinase enzyme
electrode.?® The enzyme, immobilized within a carbon
paste matrix, converted its phenolic substrates to easily
reducible (detectable) quinone products. The sensor
responded rapidly to micromolar levels of various phenol
pollutants, with no carryover (memory) effects. Analogous
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FIGURE 2. Electrochemical biosensors: intimate coupling of specific
biorecognition events and an electrical signal transduction.

remote measurements of organophosphorous pesticides
(e.g., paraoxon, parathion), based on immobilized organo-
phosphorous hydrolase (OPH), were reported.?

Electrochemical biosensors have also been developed
for monitoring organic streams and harsh environments
common in industrial process control.?? In particular,
organic-phase flow detectors could lead to a wide range
of previously inaccessible industrial processes. On-line
assays of alcohols in petrochemical samples or flow
injection measurements of trace water in organic media
have already been demonstrated.??

Lab-on-Cable. Our recent activity has led to the
development of submersible electrochemical analyzers.?
As opposed to in situ sensors (that lack the sample
preparatory steps essential for an optimal analytical
performance), the new “lab-on-cable” incorporates several
functions into a single sealed, submersible package. The
first generation of this submersible microanalyzer inte-
grates the in situ microdialysis sampling with reservoirs
for the reagent, waste, and calibration/standard solution,
along with the micropump and necessary fluidic network
on a cable platform (Figure 3). The sample and reagent
are thus brought together, mixed, and allowed to react in
a reproducible manner. The internal buffer solution
ensures independence of sample conditions such as pH
or ionic strength. On-cable metal complexation reactions
or enzyme-inhibition ones have thus been demonstrated
in connection measurements of trace chromium? or
cyanide,?® respectively. Other groups have developed
submersible reagent-based flow spectroscopic analyzers
for long-term oceanographic monitoring® or process
control.?”

Lab-on-a-Chip. Microfabricated microfluidic analytical
devices, integrating multiple sample-handling processes
with the actual measurement step on a microchip plat-
form (Figure 4), are of considerable recent interest.?82° For
obvious reasons, such devices are referred to as “lab-on-
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FIGURE 3. Schematic diagram of the electrochemical “lab-on-
cable” system. (A) Cable connection; (B) micropump; (C) reservoirs
for reagent and waste solutions; (D) microdialysis sampling tube;
(EF) electrochemical flow detector, with working and reference
electrodes, respectively. Reproduced with permission from ref 23.
Copyright 2000 American Chemical Society.

a-chip” devices. Complete assays, involving sample pre-
treatment (e.g., preconcentration/extraction), chemical/
biochemical derivatization reactions, electrophoretic
separations, and detection, have thus been realized on
single microchip platforms. Such analytical microsystems
rely on electrokinetic fluid “pumping” and obviate the
needs for pumps or valves. Highly effective separations
combined with short assay times have been achieved by
combining long separation channels and high electric
fields. The enhanced performance and advantages of
microfluidiic devices relative to conventional (benchtop)
analytical systems have been demonstrated through theory
and experiment.*

The dramatic downscaling and integration of chemical
assays make these analytical microsystems particularly
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FIGURE 4. Lab-on-a-chip: Integration of multiple functional
elements—relevant to various sample preparation and measure-
ments steps—onto a microchip platform.

attractive as “green analytical chemistry” screening tools
and hold considerable promise for faster and simpler on-
site monitoring of priority pollutants. Particularly attrac-
tive for on-site environmental or industrial applications
are the small dimensions/portability, minimal solvent/
reagent consumption and waste production (to the nano-
liter level), high degree of integration, efficiency, speed,
and disposability. The amount of waste generated is
reduced by ca. 4—5 orders of magnitude, in comparison,
for example, to conventional liquid chromatographic
assays (e.g., 10 uL vs 1 L per daily use). Such significant
improvement in the rate of waste generation and material
consumption has enormous implications to green chem-
istry. The high degree of integration offered by “lab-on-
a-chip” devices implies that the principles of green
chemistry can be applied to all the steps of the analytical
process. A recent contribution from Harrison’s team3!
demonstrated a convenient interface of microfluidic de-
vices to the external environment. Such ability to continu-
ously introduce real samples into micrometer channels
would make “lab-on-a-chip” devices compatible with real-
life monitoring applications.

Electrochemistry offers great promise for such micro-
systems, with features that include high sensitivity (ap-
proaching that of fluorescence), inherent miniaturization
and integration of both the detector and control (poten-
tiostatic) instrumentation, independence of optical path
length or sample turbidity, low power requirements, low
cost, and high compatibility with advanced microfabri-
cation and micromachining technologies.??3% Such prop-
erties make electrochemical detection extremely attractive
for creating truly portable (and possibly disposable) stand-
alone microsystems. Optical detection systems, in con-
trast, are still relatively large, hence compromising the
benefits of miniaturization. Various detector configura-
tions, based on different capillary/working electrode ar-
rangements and the position of the electrode relative to
the flow direction, have been employed in connection to
electrochemical detection.3?3 The characteristic common
of most of these is the placement of the detector outside
the separation channel, which results in effective isolation
from the high separation potential.

A great number of environmental applications of CE/
EC microchips have already appeared, including rapid
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FIGURE 5. Electropherogram for a mixture of nitroaromatic
explosives: 10 mg/L DNB, 2,4-DNT, 2,6-DNT, and TNT, and 20 mg/L
4-NT. Thick-film amperometric carbon detector held at —0.7 V; run
borate buffer (15 mM, pH 8.7) containing 25 mM SDS. Reproduced
with permission from ref 34. Copyright 1999 American Chemical
Society.

separation and detection of chlorophenols, nitroaromatic
explosives, hydrazines, or organophosphate pesticides.3?33
For example, Figure 5 displays a typical electropherogram
for a sample mixture containing micromolar concentra-
tions of five nitroaromatic explosives. The power and
scope of electrochemical microsystems have been further
enhanced through the coupling of on-chip enzymatic or
immunochemical reactions.®® The small footprint of mi-
crochip devices permits the adaptation of highly parallel
assays (in multichannel manifolds), including the various
sample manipulations and pretreatment functions. Paral-
lel assays of various classes of contaminants could thus
be realized. Credit-card-sized analyzers and single-use
microlaboratories (based on mass-produced plastic chips
and integrated electrochemical detection), suitable for a
wide range of environmental and industrial applications,
can thus be envisioned.

Concluding Remarks and Future Prospects

The green chemistry revolution provides new challenges
and exciting opportunities for electroanalytical chemistry,
and for developing greener analyses, in general. The
examples described in this Account illustrate the power
and versatility of modern electrochemical systems and the
potential for minimizing hazardous substances and waste
generation during electrochemical assays. The combina-
tion of modern electrochemical techniques with break-
throughs in microelectronics and miniaturization allows
the introduction of powerful analytical devices for effective
process or pollution control. Such real-time on-site moni-
toring technologies successfully address the time con-
straints associated with classical laboratory analysis. Like
personal computers, electrochemical devices have become
more sophisticated and versatile while dramatically shrunk
in size and weight. The new generation of electrochemical
analyzers offers tremendous potential for obtaining the
desired analytical information in a faster, simpler, and
cheaper manner compared to traditional laboratory-based

instruments. The consequence of these developments is
that major considerations are now given to on-site and
real-time electrochemical measurements. Such measure-
ments should have a major impact upon the monitoring
of priority pollutants and industrial processes. The practi-
cal realization of these monitoring scenarios requires
proper attention to the robustness of these systems and
devices. It should be pointed out, also, that electrochemi-
cal devices are still limited in scope and cannot address
all environmental or industrial monitoring needs. Ongoing
commercialization efforts, coupled with regulatory ac-
ceptance (along with acceptance by plant and environ-
mental engineers), should lead to the translation of the
above research activity into large-scale environmental and
industrial applications. Such new electrochemical systems
hold great promise for meeting the needs and challenges
of “green analytical chemistry” in the 21st century.

The author thanks the co-workers and collaborators who have
contributed to the research on electrochemical sensors, detectors,
and microsystems. This work was supported by grants from the
EPA, DOE, ONR, and NASA.
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